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ABSTRACT

Insight into the mineral, protein, phytate relationships in rice
bran was gained by examining the solubility behavior of these
canponents.

Solubility profiles of the phosphorus and nitrogen

components as a function of pH did not correspond, except in the pH
1.0-2.0 range.

This is evidence that association between protein and

phytate only occurred in this low pH range.
Potassium, magnesium, and calcium solubilities as a function of
pH corresponded to those of the phytic acid salts of these minerals.
Soluble magnesium and potassium phytates were isolated on Sephadex
G-25-50 and identified by ICP, confirming their presence in rice
bran.

The isolated soluble magnesium and potassium phytates had low

metal to phytate ratios:

approximately 2 magnesium molecules and 1

potassium molecule per phytate molecule at endogenous pH (7.1).

The

compositions of these soluble metal-phytate species were found to be
pH-dependent.

The number of molecules of magnesium and potassium

associated per phytate molecule decreased with decreasing pH.
No relationship between the

soluble iron,

zinc,

species and phytate were apparent from the pH data.

or copper
However, a

possible association of copper and zinc with protein in the pH 6-10
range was suggested by the behavior of their solubility curves.
Increased amounts of Fe(II), Fe(III), Zn(II), or Cu(II) ions,
added as sulfates to rice bran slurries, affected the solubilities
of the endogenous minerals, proteins, and phytates.
these

solubility

studies

along
xvi

with

the

results

The data from
of

SDS

gel

electrophoresis, pH, and differential pulse polarography experiments
provided evidence for:
with

the

albumins

association of iron, zinc, and copper ions
leading

to

the

formation

of

insoluble

mineral-albumin complexes.
31
P NMR was employed to examine the solution interactions of
lithium

and

molecular
dependent.

potassium

conformation
The

ions with

sodium phytate.

was

to

found

conformational

be

pH

equilibria of

and

The

phytate

concentration

sodium phytate

in

aqueous solution was not affected by the addition of potassium ions,
however, the phytate molecular conformation was influenced by added
lithium

ions

and

was

dependent

on

lithium

ion

concentration.

Furthermore, the phytate molecule showed seme selectivity for lithium
ion association over potassium and sodium ions.

x v ii

INTRODUCTION

Myo-inositol hexakis-phosphoric acid (phytic acid) has been a
molecule of considerable interest to chemists,
nutritionists.

biochemists,

and

The physiochemical behaviors and nutritional roles of

phytic acid are governed by its stereochemical properties and the
strong chelating behavior of the molecule.
shown

to

Phytic acid has been

interact with minerals and proteins leading to reduced

mineral bioavailability and altered protein functionality (Cheryan
1980, Cosgrove 1980, Erdman 1979, O'Dell 1979, Reddy et al 1982).

By

its ability to bind to human deoxyhemoglobin, phytic acid has been
shown

to

be an effective agent for decreasing the

affinity of

hsnoglobin for oxygen (Benesch and Benesch 1969).
Phytic acid is the major phosphorus-containing constituent of
cereal grains and oilseeds.

Recently a trend has developed to

incorporate bran into cereal products as a high protein, high fiber
source.
acid

Such use of rice bran has been hindered by its high phytic

content

and

its

susceptibility

to

rancidity.

The

recent

development of canmercial processes for stabilizing rice bran has
helped toalleviate sore of the problem with rancidity.

The question

still

phytic acid

remains of the nutritional effect of its high

content.

The first objective of this research was to investigate the

mineral, protein, phytic acid interaction in rice bran.
the

mineral,

protein,

phytic

acid

relationship was

Insight into
gained

by

examining the solubility behaviors of these components as a function

2
of (1) pH and (2) the addition of Fe(II), Fe(III) , Zn(II), and Cu(II)
ions.
Nutritionists have proposed that the insolubility of the metal
phytates at intestinal pH is one of the possible mechanisms by which
phytic acid leads to reduced mineral bioavailability (Graf 1983).
Only a few examples of soluble metal-phytates have been cited in the
literature (Morris and Ellis 1976,Graf 1983).
had low metal to phytate ratios,

These

metal-phytates

which raised the question that

possibly all metal-phytate complexes having a lew metal to phytate
ratio are soluble at intestinal pH (Graf 1983).

A second objective

of this research was to attempt to isolate and identify soluble
magnesium and potassium phytates in rice bran.

This was accomplished

by gel filtration on Sephadex G-25-50 followed by ICP analyses of the
eluting fractions for phosphorus, magnesium, and potassium content.
Knowledge of the chemistry
aqueous solution is limited.

of thephytic acid molecule in

Only within the last five years have

the conformational states of phytic acid in aqueous solution been
deduced (Isbrandt and Oertel 1980, Emsley and Niazi 1981).

Specific

metal-ion binding sites have not been determined, and little is known
about the effects of
equilibria.

metal ions on the

molecular conformational

During the laboratory studies involving the separation

of metal ions on Sephadex G-25-50, it was observed that when lithium
chloride was used as eluant, the lithium ions displaced the potassium
and magnesium ions from the phytate molecule.

This suggested perhaps

an

(e.g.

important

interplay

in

other

systems

involving lithium ions and phosphate.

mood

disorders)

Thus, the last objective of

this research was to examine the effects of lithium ions on the

conformational
association.

equilibria
This

was

of

sodium

accomplished

phytate
by

and

for

phytate

P

nuclear

employing

magnetic resonance spectroscopy.

Explanation of Dissertation Format

This dissertation is arranged as a series of four papers:

(1)

Solubility Behaviors of the Minerals, Proteins, and Phytic Acid in
Rice Bran with Time, Temperature, and pH,

(2) The Interactions of

Minerals, Proteins, and Phytic Acid in Rice Bran, (3) Isolation and
Identification of Soluble Magnesium and Potassium Phytates in Rice
Bran,

and

(4)

Effects

of

Lithium

Equilibria

of

Sodium

Phytate

Ions

and

for

on

the

Phytate

Conformational
Association.

Implications in Understanding the Physiological Effects of Lithium.
The first two papers have been accepted for publication in
CEREAL CHEMISTRY and the other two will be submitted to appropriate
journals.

Each

paper

is

complete

in

itself,

except

that

all

references have been extracted and combined into one bibliography
appearing

addition,

a

literature survey and a general summary of the entire work

is

included.

at

the

end

of

this

dissertation.

In

LITERATURE SURVEY

BACKGROUND INFORMATION

RICE BRAN
One of the most potentially valuable, under-utilized by-products
of the rice milling industry is rice bran.

Approximately 41 million

metric tons of rice bran was produced from the 409 million metric
tons of rice milled frcm the 1982-83 world rice crop (USDA 1983).
This rice bran, which could be a premising new source of human food
protein and fiber (Barber and Barber 1980), was used mainly as animal
feed, or discarded (James and Sloan 1984) .
True rice bran consists of the pericarp and the tegmen, the
layers covering the endosperm (Figure 1) . This is approximately 6%
removal by weight frcm the brown rice kemal.
10% by weight of brown

rice

Carmercially, usually

is removed during milling.

This

carmercial bran contains most of the germ and portions of the
aleurone layer, together with bits of hull and starchy endosperm
(Houston 1972).
The composition and properties of rice bran are subject to
varietal,

environmental,

and

milling

variability.

A

tabulated

summary of compositional data for rice bran is given in Table 1.

The

protein, lipid, fiber, and mineral content of the rice kemal are
concentrated in the bran.

The protein content in rice bran has a

higher lysine content and lower glumatic acid content than milled
rice.

This is related to higher proportions of albumins in the total
4

Figure 1:

Cross-section of rice kernel.
(1972).

Adapted fron Juliano

6

Lemma

Palea
— Pericarp
Starchy
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Table 1: Typical compositional data for ccnmercial rice bran.
Protein, fat, fiber, and ash data:

Gad et al (1962).

Phosphorus, potassium, magnesium, and calcium data:
Me Call et al (1953).

% COMPOSITION

PROTEIN
12.1-14.1

PHOSPHORUS
2.48-2.87

FAT
14.6-15.2

POTASSIUM
1.77-2.27

FIBER

ASH

14.3-15.6

14.7-15.7

MAGNESIUM

CALCIUM

0.98-1.23

0.06-0.08
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protein (Houston 1972) . The mean albumin:globulin:prolamin:gluteiin
ratio in bran is roughly 30:14:5:51 while that in milled rice is
5:9:3:83

(Juliano

1972) .

The

high

lysine

levels

and elevated

protein, mineral, and fiber content makes bran a food source with
high

nutritive

potential.

However,

the

phosphorus

and

lipid

constituents have prevented rice bran from being utilized to any
extent in food products.
is phytic phosphorus,
1972) .

Approximately 90% of the phosphorus in bran

an anti-nutritive formof phosphorus

(Juliano

Phytic acid has been shown to play a significant

role in

decreasing

mineral

bioavailability and

in

altering

protein

functionality (Cheryan 1980, Cosgrove 1980, Erdman 1979, O'Dell 1979,
Reddy et al 1982).

The high lipid content of rice bran leads to

problems with susceptibility to rancidity.
ccnmercial

processes

for

The recent development of

stabilizing rice

bran have helped

to

minimize this hindrance.

PHYTIC ACID
Phytic acid generally has been regarded as a phosphorus store in
oilseeds and cereals

(Halls and Hodges 1966, Asada et al 1968) .

Other physiologic roles attributed to phytic acid have been
acting as a reserve of reactive phosphoryl groups
Morton 1960),

(1)

(Atkinson and

(2) storage of energy (Biswas and Biswas 1965),

(3)

initiation of dormancy (Sobolev and Rodionove 1966), and (4) a source
of cations (Williams 1970) . Gupta and Venkilasubramanian (1975) have
suggested that phytic acid also plays a mycological role in the
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field, preventing aflatoxin production on soybean seeds by making
zinc unavailable to the mold.
The structure of phytic acid has been a subject of controversy
for years.
Anderson
(1908)

Early controversy centered on the structure proposed by
(1914) (Figure 2) and the structure suggested

(Figure 3).

by Neuberg

In 1969, Anderson's structure finally was shown

to be correct through a

31
P NMR analysis (Johnson and Tate 1969) .

Based on the Anderson structure, the proper name for phytic acid is
myo-inositol-1,2,3,4,5,6-hexakis (dihydrogen phosphate).
The

exactconformation

was

left

unproven.

In 1971

the

conformation of the sodium salt of phytic acid was determined by
x-ray diffraction (Blank et al 1971).

Crystalline sodium phytate was

found to possess the conformation in which five phosphates are axial
and one is equatorial (5a/le) .
4.

This conformation is shown in Figure

The solvation sphere of crystalline sodium phytate was found to

consist of 38 water molecules and eight octa-, two hexa-, and two
decahedrally coordinated sodium atoms.

The sodium atcms at

and

were seen to have the fewest associations to the phosphates.

Four

water molecules were observed to lack coordination to sodium atctns
and

to be held instead in the structure by hydrogen bonds to

phosphate oxygens and other water molecules. There was no evidence
of bridging of phosphates on different phytate ions.
That sodium phytate should prefer 5a/le over 5e/la was explained
as arising from a lesseningof repulsion between thedoubly charged
phosphategroups

in

the

5a/le conformation.

The

expected

1,3-syn-axial strain between the oxygen atcms bound to the ring

10

Figure 2:

Structure of phytic acid proposed by R. J. Anderson in
1914.

11

OPCLH,

5
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Figure 3:

Structure of phytic acid proposed by C. Neuberg in 1908,

e (Ho)a

(h o )a

(ho)

(h o )a

ex

Figure 4:

Structure of phytic acid:

5e/la and 5a/le conformations

depicted in (a) and (b), respectively.

(q)

(*)

Z-

OdO
OdO
OdO
OdO

OdO
c-

ST

OdO
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produced by the 5a/le conformation was shown to be stabilized by
bridging of two decahedrally coordinating sodium atcms between the
phosphates on C^-C^ and between Cg-Cg

(Blank et al 1975) .

These

sodium atcms were found to be bonded to the ester oxygen atcms and to
one phosphoryl oxygen atcm.
The solution conformations of phytic acid over the pH range
13-1.2 were investigated by Emsley and Niazi

(1981) by

31
P NMR.

Based on their assignment of pKa's and the observed changes in the
31
P NMR spectra of phytic acid at different pH values, Dnsley and
Niazi concluded that the molecule's conformation varies with its
degree of protonation.

They found that the deprotonated phytate

species,

at

which

conformation.

exists

pH

12.5

and

above,

has

the

5e/la

This is in contrast to the 5a/le conformation of the

crystalline sodium salt of phytic acid determined by Blank et al
(1971, 1975).

Below pH 12.5, the phytate molecule was determined to

have the 5a/le conformation which it retained to pH 5.

At pH 5, the

conformation was observed to revert to 5e/la on the addition of a
seventh proton.

At low pH (2) evidence supported the conformation

resuming the 5a/le conformation.
Elnsley and Niazi explained these changes in the conformation of
the phytic acid molecule by strong hydrogen bonding phosphate groups.
Figure 5 illustrates the proposed hydrogen bonding for the solution
species myo-IP^H

myo-IPg^

myo-IPgH^

and myo-IP^H^

"^P

NMR signal patterns and Jp^Qj coupling constants were used to support
these structural forms.
type were suggested:

Strong hydrogen bridges of the following

Figure 5

Structures for the solution species rnyo-IPgH-^ ,

—ID
—Q
_ p
myo-IPgi^
, myo-IP^H^
, and myo-IP^H^
proposed by
Emsley and Niazi (1981).
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.0

—0
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Emsley and Niazi proposed that in myo-IPgH^.
the fifth proton would
be attached to P-2 and would possibly engage in strong hydrogen
bridging with P-l and P-3.
P-5.

The sixth proton would be attached to

It would disrupt the P-4— P-6 double hydrogen bond bridge by

forming strong hydrogen bonds to P-5.

In myo-IPgHg-^ each phosphate

would act as a hydrogen bond donor and acceptor and the hydrogen
bonding would be at a maximum of 12 strong hydrogen bonds.
Isbrandt

and Gertel

(1980)

investigated

the

conformational

states of the sodium salt of phytic acid in aqueous solution by
NMR,

31
P NMR,

and Raman spectroscopy.

13
C

They concluded that the

molecule prefers the 5a/le conformation at pH above 9.4 and the 5e/la
conformation below this.

Equal amounts of the two conformers were

found to coexist at pH 9.4 + 0.1.
-12

5e/la conformation for the myo-TP,.
D
conformation at pH 2 and below.

They found no evidence of the
ion, nor evidence for the 5a/le

This contrast with the results of

Emsley and Niazi are probably attributable to the capability of the
sodium ion in influencing the molecule's conformation.
using

sodium

as

tetrabutylaimonium

the

counterion,

cation

(Glonek

Emsley
et

al

and

Niazi

1975) .

Instead of
used
The

the
large

tetrabutylammonium cation would be expected to bind to the 5a/le
anion much more weakly than does the sodium cation.

Thus, loss of
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the stabilizing influence of the sodium cation would be accompanied
by decreased acidity for the last three protons, as observed by
Emsley and Niazi but not by Isbrandt and Oertel (Isbrandt and Oertel
1980).
Other than the studies of Blank et al and Isbrandt and Oertel on
the structure of sodium phytate, no studies to date have examined the
phytic acid binding sites of other metal ions.

At physiological pH

values, phytic acid will be strongly negatively charged,

as is

evident from the reported pKa's for phytic acid (Table 2).

This

indicates that phytic acid has tremendous potential for complexing or
binding positively charged molecules such as cations or proteins.
Cation-dependent differences would be expected
preferred

binding

sites

and

in

the

to exist

extent

intermolecular cation bridging of phosphate groups.

of

in the

intra-

and

The nature and

extent of binding of phytic acid with metal ions and/or proteins will
govern its physiochemical behavior and its nutritional role (Cheryan
1980).

METAL ION-PHYTIC ACID INTERACTIONS
The solubilities of the metal ion salts of phytic acid are pH
dependent.

Magnesium and calcium salts of phytic acid are soluble at

lcwer pH and insoluble at higher pH.

A rapid drop in solubility has

been observed at pH 5.5 to 6.0 for calcium phytate and at pH 7.2 to
8.0 for magnesium phytate (Jackman and Black 1951) . With calcium and
magnesium phytates, adding excess cations caused decreased solubility
at a given pH (Jackman and Black 1951).

Cheryan et al (1983) studied

Table 2: pKa Values for the dissociating protons of phytic acid.

pKa VALUES

H1

H2

H3

H4

Hoff-Jorgensen (1944)

H5

H6

H7

H8

H9

H10

H11

H12

1.75

2.68

4.59

5.71

7.34

8.19

8.78

8.95

Barre et al (1954)

1.84

1.84

1.84

1.84

1.84

1.84

6.3

6.3

9.7

9.7

9.7

9.7

Costello et al (1976)

1.1

1.5

1.5

1.7

2.1

2.1

5.70

6.85

7.60

10.0

10.0

12.0
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this phenomenon over the range of magnesium :phytic acid molar ratios
0.5-12 and a pH range of 2-9.

The higher the magnesiumrphytic acid

molar ratio the lower the pH at which the solubility drop was
observed.

At magnesium rphytic acid ratios of 4 or less, phytate

phosphorus was relatively more soluble than magnesium at pH
However,

at

magnesium rphytic

acid

ratios

magnesium was more soluble than phytate.

greater

than

6,

5.
the

The law of mass action was

offered as a reasonable explanation of this behaviorr

x Mg+2 + Hn <PA|-12+n;=i »3xHn-2x(PA>'12+<n'2X) + 2xH+

Higher magnesium concentrations shift the reaction to the right by
carpeting with the hydrogen ion for the negative charges in the
phytic acid molecule.

The displacement of the hydrogen ions cause

the precipitation of the phytate salt at a lower pH.
The solubility behavior of ferric ions has been reported to
contrast that of calcium and magnesium.

Jackman and Black (1951)

observed that when an equimolar concentration of ferric ions was
added

to

phytic

acid

solution,

ferric

phytate

was

completely

insoluble at low pH (1 to 3.5).

The ferric phytate slowly increased

in

increased

solubility

as

the pH was

solubility at pH 10.

above

4,

reaching

50%

When excess FeCl^ was added, the solubility of

the ferric phytate formed increased at pH below 2.
solubility of 90% was reached at pH 1.5.

A maximum in

At higher pH, however,
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addition of excess cation depressed the phytate solubility, similar
to the effect on solubility observed for calcium and magnesium.
The
complex.

solubility behavior of mixed
Byrd and Matrone

(1965)

salts of phytic acid is

investigated

the

interactions

between zinc and calcium in solutions of sodium phytate.

It was

found that at wide Zn:Ca ratios (e.g. 0.00025M Zn:0.03 M Ca) calcium
enhanced the incorporation of zinc into phytate, i.e. there was an
increased insolubility of zinc phytate in the presence of calcium.
At narrow Zn:Ca ratios (e.g. 0.03:0.03 M), calcium decreased zinc
incorporation into phytate.
concentrations,

Ca(II)

In the case of low zinc, high calcium

could,

presumably,

increase

the

cationic

environment sufficiently to initiate coprecipitation with zinc.

At

comparable levels of zinc and calcium, calcium could compete for
positions on the phytate molecule, thus reducing the amount of zinc
precipitated (Byrd and Matrone 1965).
There have been relatively few studies on the composition of the
products

of

the metal

investigations,

Hay

ion-phytic

(1942)

and

acid

interactions.

Hoff-Jorgensen

(1944)

pentacalcium and hexacalcium phytate salts, respectively.

In

early

reported
Recently,

Evans and Pierce (1982) investigated the combination of phytic acid
with cobalt (II), magnesium (II), manganese (II), copper (II), and
iron

(III).

Under

the

experimental

stoichiometric products were isolated.

conditions

employed,

no

The mean phosphorus:metal

ratios reported were 1.06, 1.35, 1.28, 1.12, and 2.59 for the Co(II),
Mg(II), Mn(II), Cu(II), and Fe(III) salts, respectively.

However,

Evans and Pierce (1981) repeated Hoff-Jorgensen's work and isolated
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penta

substituted

phytates.

Product

isolation

appears

to

be

dependent on experimental conditions.
The marked insolubility of ferric phytate in dilute acid is the
basis for a commonly used assay for phytic acid (Earley and Turk
1944, Crean and Haisman 1963) .

Variability in the iron:phosphorus

ratio can result in a wide range of results (Marress et al 1961,
Anderson

1963,

Makower

1970,

Wheeler

and

Ferrel

1971).

The

often-cited 4:6 ratio is not based on a structure with a definite
stoichianetric relationship.

It is a ratio that is approximated

under carefully controlled experimental conditions designed to select
for

it

frcxn the

continuum

of

possible

iron:phosphorus

ratios

(Thompson and Erdman 1982) . Thompson and Erdman suggest a possible
model for ferric phytate.

In this model eight ferric ions are

intimately connected with one phytate anion (Figure 6).
ion is shared between two phytates.

Each ferric

The resulting structure is

constrained sterically, and it would be exceedingly difficult for the
phytate anions to be arranged in the proper configuration to allow
the maximum ferric ion linking.

Experimental results showed that, in

the absence of sulfate ion, the iron:phosphorus ratio was well below
4:6.

In the presence of sulfate groups, the higher iron:phosphorus

ratio was observed.

It was postulated that sulfate bridges form

between ferric ions

(Figure 6) .

The steric constraints would be

considerably lessened allowing the precipitate to form more easily.
This model can be used to support Anderson's (1963) observation
that excess iron may lead to solubilization of ferric phytate.

With
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Figure 6:

Model of ferric phytate proposed by Thompson and Erdman
(1982) .

(a) depicts a ferric ion link between phosphate

groups of adjoining phytate anions,

(b) shows a sulfate

bridge between two ferric ions coordinated to two phytate
anions.
anion.)

(Only one phosphate is shown on each phytate

26

b

(a)

9 .
,Fe - o-s-o0

/

b

(b)

L.
0
•Fe--o-'f-o
OH
ci"

27

excess iron, each phytate anion might became saturated with ferric
ion, thus decreasing the chance that a single ferric ion would link
two phytate anions and increasing the chance that a single phytate
anion-multiple ferric ion soluble complex would form (Thompson and
Erdman 1982).
Morris

and

Ellis

(1976)

have

isolated,

characterized,

and

identified the major iron containing substance in wheat bran as
monoferric phytate.

Monoferric phytate is a water soluble complex of

iron and a source of high biologically available iron to the rat.
Morris and Ellis postulate that the monoferric phytate is probably
bound to cationic sites of protein or other cellular constituents of
the wheat bran.
Seme studies of the relative stabilities of the metal phytates
have been made using potenticmetric titration methods.
(1965)

Vohra et al

listed the order of stability as Cu(II) > Zn(II) > Ni(II)>

Co(II)> Mn(II)> Fe(III) > Ca(II)

at pH 7.4.

Maddaiah et al (1964)

found the order of stability to be Zn(II)> Cu(II) > Co(II) > Mn(II)>
Ca(II).

Gosselin and Coghlan

(1953)

calculated the dissociation

constant for calcium phytate to be pK = 3.94 for ionic strength 0.15,
pH 7.4,

37° C.

complexes have

No other stability constants for metal-phytate

been reported.

The accumulation site of phytic acid in rice is in globoids in
the aleurone layer of rice (Figure 1) . Table 3 contains a typical
composition of globoids frcm rice.
isolated
magnesium.

particles
The

of

rice

globoids

had

Over 90% of the compounds of the

were

phytic

acid,

potassium,

and

low

amounts

of

carbohydrates

and

Table 3

Typical composition of globoids fran rice (Ogawa et
1975).

% COMPOSITION

PROTEIN

1.26

CARBOHYDRATE

0.47

PHYTIC ACID

67.23

POTASSIUM

18.89

MAGNESIUM

10.83

CALCIUM

1.39
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protein.

Observations by Tanaka et al (1976, 1977) using scanning

electron microscope

(SEM), electron microprobe x-ray

(EMX), and

energy dispersive x-ray

(EDX) analyses have led to the generally

accepted

that

conclusion

phytate

primarily

occurs

as

potassium-magnesium salts in rice.

PROTEIN-PHYTIC ACID INTERACTIONS
Phytic acid is kncwn to form complexes with proteins at both
acidic and alkaline pH.

Ultrafiltration experiments led to the

suggestion that three different mechanisms of interaction occur,
controlled essentially by pH.

Omosaiye

and Cheryan

(1979)

and

Cheryan (1980) offered the following explanation for the three pH
regions (pH <5, pH 6-10, pH > 10) :
Low pH

(pH < 5) : At pH values below the isoelectric point of the

protein, the anionic phosphate groups

of the phytic acid bind

strongly to the cationic groups of the protein to form an unionized
salt.

This protein-phytic interaction at low pH is a result of

strong electrostatic interaction.

The amount of interaction would

depend on the number of positively charged and amino terminal groups
that are available to react with the anionic phosphate groups.
Intermediate

pH

(pH

6-10):

Above

the

isoelectric

point

of

approximately pH 5 both proteins and phytic acid have a negative
charge.

Thus, direct ccmplexation of the species would not be

expected to occur.

Data indicate that seme type of protein-phytate

ccmplexation does occur at alkaline pH.

De Rham and Jost

(1979)

observed that about 40% of the phytate in defatted soy flour extracts
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was nondialyzable at pH 7.5, i.e. it was protein-bound.

When the

calcium concentration in the system was increased from 2.6 mol to 3.5
mol Ca(II) per mole phytate, protein-bound phytate increased to 80%.
Similarly, Saio et al (1968) observed that bound calcium increased as
phytic acid added to soybean meal protein was increased.
and

Cheryan

(1979)

proposed

that

these behaviors

Omosaiye

suggest the

formation of a salt linkage or an alkaline-earth ion bridge:

Protein + Cation + Phytic Acid

(Protein-Cation-Phytic Acid)

Such a mechanism implies that reducing the concentration of cations
will break up or inhibit the formation of the ternary complex.

The

results of ultrafiltration studies (Omosaiye and Cheryan 1979) are in
agreement.

Addition of excess cation has been observed also to cause

disruption of the salt bridge (de Rham and Jost 1979).

Adding excess

cation would shift the equilibrium to the right:

(Protein-cation-phytic acid)

+cation c

protein-cation

+

cation-phytate

Thus,

there

is

strong

evidence

that

at

alkaline

pH

protein-cation-phytic acid complexes exist.
High pH (pH > 10) : Phytate-protein binding is disrupted at high pH.
The phytic acid becomes insoluble, while the protein remains in
solution.
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Albumin-Phytic Acid Interactions
In the studies reported here the rice bran albumins are the
proteins of interest.

The protein content of the supernatants was

expected to consist primarily of these waiter-soluble proteins, which
comprise approximately 30% of the bran proteins

(Juliano 1972).

Albumin offers multiple binding sites to phytic acid.

Prattley et al

(1982) used phytic acid and bovine serum albumin (BSA) in a model
system

to

investigate

the

mechanism

of

their

binding.

Ultrafiltration studies using response surface design showed the
association of BSA and phytic acid to be highly pH dependent.

Under

acid conditions, BSA formed an insoluble complex with phytic acid.
5
At pH 3.0, a binding constant of 2.3 x 10 was obtained and it was
calculated

that there are 78 binding sites of the total

amino acid residues

(58 lysine,

potentially available.
order

of

16 histidine,

93 basic

and 19 arginine)

Barre and van Huot (1965) determined that the

reactivity of

phytate

with

histidyl, and finally arginyl residues.

serum

albumin was

lysyl,

These authors suggested that

the arginyl residues must be in the interior of the molecule and thus
less negative than the other basic residues which appear to be on the
surface.

In support of Cmosaiye's and Cheryan's (1979) hypothesis

concerning the formation of salt linkages in the pH 6-10 range,
Prattley et al observed the formation of soluble albumin-calciumphytate

complexes.

formation was

Evidence

for

albumin-calcium-phytate

complex

(1) free phytate decreased in a linear manner with

increasing

calcium concentration,

decreased

as

a

function

of

and

(2) free phytate

increasing pH

at

high

steadily
calcium
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concentrations.

Also in agreement with Qnosaiye's and Cheryan's

hypotheses, a ndnimum in free phytate was reached at pH 10, after
which an increase in free phytate was seen to occur.
The ability of albumin to bind phytic acid appears to be related
to source.

As noted,

serum albumin strongly binds phytic acid.

Several bean albumins also form strong associations with phytate.
The albumins of c o m germ, sesame, and cottonseed do not.

O'Dell and

de Boland (1976) found that the reasons for this difference are not
obvious from the amino acid composition of the mixture of proteins
extracted by water.

Lysine content may be important in some cases in

phytate binding.

Lysine is low in sesame and relatively high in

soybean proteins.

The latter proteins bind phytate more readily than

those of sesame.

However, corn albumins are rich in lysine and

arginine and do not bind phytate.

O'Dell and de Boland found that

the total lysine, arginine, and histidine content of soybeans, sesame
seeds, and c o m germ are not significantly different.

These authors

suggest that possibly the arginine and lysine residues of the c o m
germ proteins are not accessible for reaction with phytate.

METAL ION - PROTEIN INTERACTIONS
Throughout biological systems, proteins are found intimately
associated with metallic

cations.

Three

types

of

interactions

between metal ions and proteins have been recognized (Gurd and Wilcox
1956).

In the first type, the specific metal ion takes an integral

part in the structure of the protein.
without destroying the structure.

The metal cannot be removed

These metal-protein complexes are
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termed the metalloproteins.

In the second category are the protein

complexes in which the metal ion is bound reversibly, but in a way
that

a particular

stabilized.

configuration

or

association of

subunits

is

This association of metal ions may stabilize certain

configurations

and

thus may

properties of the protein.

alter

the physical

and biological

Thirdly, are the associations in which

the effect of the metal ion is upon physical properties such as net
charge, aggregation, and solubility.

In the studies reported here,

the concern is with the second and third categories of metal-protein
associations — in particular, the interactions of Zn(II), Cu(II),
Fe(II), and Fe(III) ions with rice bran albumins.
There are several general properties of proteins to be taken
into account when considering interactions with metal ions (Gurd and
Wilcox 1956, Breslow 1973):
1)

The side-chain groups such as carboxyl, imidazole, or
sulfhydryl are usually of much more importance in binding
the metal ions than the terminal amino and carboxyl groups.
These interactions differ frcm those of metal ions with
amino acids and small peptides.
the

In the case of proteins,

-NH2 and -COOH of long polypeptide chains are separated

by a number of intervening residues.
2)

There are usually several members of a given class of groups
in a protein molecule.

Thus, the number of metal ions bound

to a given class of groups depends both on the intrinsic
affinity of the ligand group for the metal ion and on the
number of such groups available to react.
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3)

Peptide chain conformation may block reaction at potential
metal-binding sites, or may place amino acid side-chains
which are distant in sequence in suitable position to form
chelates.

The pH is an important factor in determining whether or not a
given metal ion will react at a given protein site.

Intrinsic

association constants of a single binding site L~ with H+ ion and
+2
with metal ion M

are defined,

respectively,

by the relations

(Breslow 1973):
(1)

L”

+

H+

=

LH

(LH)

(IT) (H+)

(2)

L"

+ M+2

=

IM+

=

( m +)
<lT) (M+2)

For a set of n such independent sites on a macramolecule,
+

equilibrium with both H

in

+

and M , the above equilibria can be

reformulated as:

It8

(3)

+2wz
«H+>

(4)

K = v e+2wS,zm )
m
— m------ <“+z)

where v^ and vm are the number of sites occupied by H+ ion and metal
ion, respectively.

and

are the intrinsic affinities of each
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site for H+ and M+2, respectively.

The terms e+2wz and

e + ^ w z ^zir)

are

electrostatic interaction factors to allow for charge interactions on
the macrcmolecule where z is the net protein charge on the metal ion
and w is an electrostatic factor which varies inversely with ionic
strength and molecular size.

Frcm equations (1) and (2), or (3) and

(4) an apparent pH-dependent constant, K * car be defined which
relates the number of binding sites carrying metal

to those not

carrying metal as:

(5)

Km ' =

(IM+ )

Km

Kme“2wz(zm)

(L~ + LH) (M+2)

l+Kh (H+)

1+ Kh (H+)e_2wZ

The implications of equation (5) are:
1)

The apparent affinity for metal ion will be less than the
intrinsic affinity until the pH is approximately two or more
units above the pK^ of the coordinating atcm.

This

eliminates any significant contribution to binding as single
participants at neutral pH for binding sites with very high
pK

(e.g. arginine).

cl

2) The change in apparent metal

ion affinity with change in pH

can be used to determine the pK^ for a binding site with a
single ionizable group.
3)

The relative distribution of metal ions among sites with
-4-

different H

ion and metal ion-affinities can be expected to

be pH-dependent.
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A consequence of competition between H+ and metal ion is that binding
of metal by a site which is normally protonated in the absence of
metal at the pH of binding leads to displacement of protons, and thus
a decrease in pH (Breslow 1973).

Zinc-Albumin Complexes
It has been established that the principle node of Zn(II)
binding between pH 5.5 and 7.5 is a 1:1 interaction between Zn(II)
and each of the imidazole groups of the 16 histidine residues (Gurd
and Goodman 1952, Breslow 1973).

The arguments in support of such an

interaction were (1) large pH decreases accompanying Zn(II) binding
indicating that Zn(II) binds to sites normally protonated at pH 5.5,
(2) values of

and H+ at equilibrium indicating that the number of

available imidazoles is reduced by one for every mole of Zn(II)
bound, and (3) the assumption of a 1:1Zn(II)-imidazole interaction
leading to values
association

constant

conditions (log
log K

of K
of

which agree
Zn(II)

and

well with the known first
imidazole

under

the

same

Zn(II)-albumin = 2.82 (Gurd and Goodman 1952) and

Zn(II)-imidazole = 2.76 (Edsall et al 1954)). All evidence

indicates that Zn(II) does not interact with the carboxyl groups of
the protein to an appreciable extent (Gurd and Wilcox 1956).
Complex formation between Zn(II) and serum albumin is completely
reversible

at

0° C.

At

25° C the reaction is not completely

reversible and at 37° C marked irreversible changes occur
1954) .

At 37° C, vm increases sharply and studies

indicate that over 30 atoms of Zn(II)

(Gurd

(Gurd 1954)

may be bound per mole of
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protein.

It has been postulated that new sites are created by

rearrangement

of

the

peptide

chain

of

the

albumin

molecules.

Residues such as tyrosine, aspartic acid, and glutamic acid possibly
contribute ligand groups to the formation of the new chelate sites
(Gurd and Wilcox 1956).
The solubility of the zinc-albumin complexes varies with pH and
temperature.

At pH 6-7 at 0° C, the Zn (II)-albumin complexes are

soluble in aqueous solution over the entire accessible range of v
from 0 to 16 (Gurd 1954, Gurd and Goodman 1952) . Depending somewhat
on the concentration of Zn(II), appreciable hydrolysis begins to
occur at 0° C as the pH approaches 7

(Gurd and Goodman 1952) .

Between pH 7-8, the zinc-albumin complexes show a sharp increase in
solubility.

It is postulated that the increase in solubility above

pH 7 corresponds to the formation of Zn(II) hydroxides that remain
bound to the imidazole groups of the protein

(Gurd 1954) . The

formation of such hydroxides would affect both cross-linking and the
net charge of the protein molecules (Gurd and Wilcox 1956) .

The

solubility of the zinc albumin complexes are bound, on the side of
low pH, by the point at which hydrogen ions displace almost all of
the metal ions from combination with protein.

At temperatures above

5-10° C precipitation occurs very rapidly (5-6 min) in the pH 5-6.7
range (Gurd 1954) .
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Copper-Albumin Canplexes
The optical properties of Cu(II) have provided a picture of the
Cu(II)-serum albumin interaction.

In the early equilibrium dialysis

and spectrophotometic studies of Klotz and Curme
demonstrated that the
subsequent Cu(II).

first Cu(II)

binds more

(1948), it was

tightly than do

Frcm the results of numerous studies (Kolthoff

and Willeford 1957, Klotz and Fiess 1951, Peters and Blumenstock
1967, Bradshaw et al 1968), it was postulated that this strong Cu(II)
binding site contains the imidazole of His-3, the
intervening peptide bond N's.

-NH^, and the two

In more recent years, peptide analogs

of this proposed strong binding site have been synthesized and their
Cu(II) binding properties have been investigated by x-ray diffraction
(Camerman et al 1976), electron paramagnetic resonance (epr) (Rakhit
and Sarkar

1979), optical rotatory dispersion

1978) , calorimetry

(ORD) (Iyer et al

(Arena et al 1979) and "^C NMR

Laussac and Sarkar 1980a, 1980b) methods.

(Sarkar 1980,

The information obtained

from these studies supports the proposed involvement of four nitrogen
atcms in the strong, copper binding site.

X-ray structural analysis

of one of the peptide analogs (Cu(II)-Gly-Gly-L-His-NH-CH^) indicated
that each Cu(II)

is tetrahedrally chelated by the four nitrogen

groups in a slightly distorted square planar arrangement.

The Cu— N

distance ranged from 1.90 to 2.05 A, with N— Cu— N angles between 165
and

176°.

The results

of

the

^C

NMR

investigation

strongly

suggested that in addition to the four nitrogen ligands, there is
involvement

of

the

side

chain

carboxyl

group

forming

a
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pentacoordinated structure.

It was suggested that Cu(II) binds HSA

in the manner shown in Figure 7 (Sarkar 1981).
The binding of subsequent Cu(II)

ions to serum albumin is

believed to occur at secondary chelate sites which are intermediate
in stability between the strongest site and histidine-peptide bond N
sites (Breslow 1973).

Electrophoretic binding studies support this

assignment (Rao and Lai 1958b).
Klotz and coworkers (1952,1955) observed a weak Cu(II) binding
site in the presence of four or more equivalents Cu(II) .

They

postulated that Cu(II) was bound to a sulfhydryl in close proximity
to a disulfide bond.
-4
At pH 4.8 and 10 M Cu(II), one copper atom per mole appears to
be bound.

-4
—
As the concentration of metal is increased above 10 M, v
' m

rises progressively until at 10 'TVI and pH 4.8 a value of 10 or 11 is
reached.

At this concentration, binding is still increasing and no

evidence of saturation is apparent (Klotz and Curme 1948, Klotz and
Fiess 1951).

This phase of copper binding is a reversible process.

Furthermore, as the pH is increased from 4.8 to 9.6 at constant
Cu(II) concentration, v

increases, and the strong binding prevents

the precipitation of cupric hydroxide at a total concentration of
metal as high as 0.005 M (Klotz et al 1950).
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Figure 7:

Model of strong, Cu(II) binding site of albumin proposed
by Sarkar (1981).
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ANALYTICAL TECHNIQUES

The remainder of this chapter will describe the analytical
techniques employed in the investigations reported here.
theories

of

these

techniques

are

examined

along

The basic

with

their

application to the problems of interest.

SDS-GEL ELECTROPHORESIS
Electrophoretic

techniques

are based on the mobility of a

molecule in an electric field as governed by the equation:

mobility

= (applied V)(net charge on the molecule)

of a molecule

friction of the molecule

If the voltage applied to an electrophoresis system is constant,
molecules

in

mobilities.
frictional

a

solution

will

be

resolved

according

to

their

These mobilities will be a reflection of net charges and
characteristics

of

the

molecules within electrophoretic

molecules.

systems

is a

The

friction

of

function of both

molecular shape and size (Clark and Switzer 1977).
Sodium dodecyl sulfate

(SDS)-gel electrophoresis is a useful

technique for resolving and characterizing the number and size of
protein chains or protein subunit chains in a protein preparation.
Purified

protein

homogeneity.

preparations

can

be

readily

analyzed

for

43

Protein preparations are initially treated with an excess of
soluble thiol (e.g.

-mercaptoethanol) and SDS.

The excess thiol

reduces disulfide bonds present in the proteins while the SDS binds
to the proteins, unraveling all intramolecular protein associations.
The result is highly-anionic polypeptide chains bound to SDS.

These

anionic denatured chains are then resolved electrophoretically on a
polyacrylamide gel containing thiol and SDS.

The polyacrylamide gel

acts as a molecular sieve in which the viscosity and pore size of the
gel define mobility.

Since the SDS-bound protein chains are of a

constant anionic charge to friction ratio, the relative mobilities of
each is a log function of the molecular weight of the polypeptide
chain (Clark and Switzer 1977).

GEL FILTRATION
Gel filtration (also known as gel chromatography, exclusion, gel
permeation, steric exclusion, etc) is a separation technique based on
the molecular size of the solute.
consisting

of

porous

particles

The column packing is a gel

with

different

pore

diameters.

Molecules are eluted from the column bed in order of decreasing
molecular size (Johnson and Stevenson 1978).

Small solute molecules

can diffuse into the particulate pores that have a diameter greater
than the effective diameter of the solute.

Larger molecules lose

their ability to diffuse and find few pores to diffuse into.

A

molecule that is of such a diameter that it cannot diffuse into any
of the pores will be totally excluded and will elute in the void
volume of the column.

A molecule that is capable of diffusing
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completely into all of the pores is referred to as being totally
permeable.

It is usually eluted at an elution volume approximately

equal to the total bed volume.
Packings for
rigid, and soft.

gel filtration are of three types:

semirigid,

Sephadex, the packing used here for separating the

soluble metal-phytate complexes in rice bran, is of the soft gel
type.

Sephadex

is

a

bead-formed,

dextran gel

prepared

by

cross-linking selected dextran fractions with epichlorohydrin. Each
Sephadex type

fractionates within a particular molecular weight

range, determined by the degree of swelling of the gel.
a useful packing
2

10 -10

6

for

Sephadex is

separating water-soluble substances in

molecular weight range.

the

This packing has found wide use in

the characterization of proteins and enzymes ("Gel Filtration— in
Theory and Practice", Pharmacia Fine Chemicals, 1975).
In gel filtration quantitative yields are obtained as there is
no irreversible retention of small amounts of substances on
column.

Separation

of

the

soluble metal-phytates

in

rice

the
bran

extracts by gel filtration with ICP as a detection method, allowed
the number of binding sites of particular metal ions on the phytate
molecule to be determined.

POLAROGRAPHY
Polarography is an electrochemical technique that can be used to
investigate solution composition by the reduction or oxidation of
ions

or molecules

at

a

dropping mercury

electrode

(DME) .

In

polarographic methods as the potential is varied in seme systematic
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manner, the ions or molecules in the sample solution are oxidized or
reduced at the surface of the DME.
The

applied

potential,

This results in faradaic current.

Eapplied/ and

the

current,

i,

is

described by the following nemstian equation (Heyrovsky and Kuta
1965) for a reversible reduction process (i.e. the rate of electron
transfer is fast in comparison with the mass transport process):

Applied

=

E°

+ ^

m

1/2

Ad " i

NF

i

dr

D
_o

i^ is the limiting or diffusion-controlled value of the current.

DR

and Dq are the diffusion coefficients of reduced and oxidized forms
of the electroactive species, respectively.
potential for the system.

E° is the standard redox

Most metal ions have reversible reduction

processes.
Seme

organic

and

organcmetallic

molecules

are

however, most have irreversible reduction processes
Lingane

1952).

The

current

potential

reversible,

(Kolthoff and

relationship

for

an

irreversible reduction process is given by:

E
.. , =
applied

E°

+ RT In
___

1.35k

o<nF

ex.

is the transfer coefficient.

This is the fraction of an increase

of the applied potential which will favor the reduction process.

kf
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is the rate constant for the forward reaction, and t is the drop time
of the DME.
El/2

t*ie half-wave potential:

the potential where the

reduction current is one half its limiting value.

This potential is

characteristic of the ion or molecule undergoing the electrochemical
reaction.

The limiting current i^ is directly proportional to the

concentration of the electroactive ion or molecule, as expressed by
the Ilkovic equation:

id = 605nD1/2m2/3t1/6c

where n is the number of electrons involved in the reaction and D is
the diffusion coefficient of the ion or molecule,

m and t are

characteristic of the mercury outflow and electrode drop time,
respectively (Kolthoff and Lingane 1952).
The classical polarographic technique is dc polarography.
this technique, the voltage scan is a linear ramp.
measured continuously.

In

The current is

The sensitivity of dc polarography is limited

to the ppm range due to significant background current arising from
charging current (e.g. Smyth et al 1983).

The charging current is

the

passed

additional

current

which

must

be

to

charge

the

double-layer capacitance of the electrode to an increased potential.
The double-layer capacitance arises from electrostatic attraction of
cations

and

interface.

anions,
The

respectively,

charging

increase in potential.

current

at

decays

the

electrode-solution

exponentially after

an

The faradaic current, on the other hand,
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decays at a rate which is proportional to the square root of time for
a reversible reaction under diffusion control.

Using this difference

in the decay of the charging and faradaic currents, pulse waveforms
have been designed to enhance the faradaic current relative to the
charging current, leading to significantly improved detection limits
("Basics of Voltanmetry and Polarography, Application Note P-2", EG&G
Princeton Applied Research, 1980).

Differential pulse polarography,

the technique employed in investigating the composition of the rice
bran extracts, has typical detection limits of 20 ppb.
Differential Pulse Polarography
Differential pulse polarography combines a linear voltage ramp
with pulses of a fixed magnitude, as shown in Figure 8 ("Basics of
Voltanmetry and Polarography, Application Note P-2", EG&G Princeton
Applied Research, 1980).
each drop lifetime.

The 60 ms pulses are repeated once during

The current is measured once before applying the

pulse and once during the last 17 ms of the pulse.
is

instrumentally

substracted

from

the

The first current

second.

The

resulting

differential pulse polarogram is a plot of current difference versus
applied potential and has a peak shape.

The peak current is a

quantitative measure of concentration and the peak potential is
analogous

(not

differential

identical)

pulse

to

polarography

increasing the pulse height.

The
technique

height increases.

can

be

of

inproved

the
by

As the pulse height increases, the peak

potential increases roughly linearly.
factor, however.

sensitivity

Resolution is a

limiting

The resolution of two peaks decreases as the pulse

Figure 8:

Differential pulse programming waveform.
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16.7 ms t

Pulse Repetition Period

56.7 ms

TIME
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Applying Polarography to the Examination of Metal Ion-Protein
Interactions
Interactions of metal ions with proteins are readily examined by
polarography.

The recognition that the limiting current due to the

reduction of metal ions at the dropping mercury electrode may be
considerably depressed by the presence of protein has been utilized
in the studies of metal

ion-protein interactions.

The diffusion

current in the presence of protein has been expressed by Tanford
(1952) as the sum of two terms-— one for free and the other for the
protein-bound metal ion:

(id)^ =

a

+

(Aq - A)

=

A +

vCp

=

1- (1-c*. )vCp

(ijj)p and i^ are the diffusion currents with and without protein,
respectively.

Aq is the total concentration of metal ions and A is

that of free metal ions at equilibrium,

v is the average number of

metal ions bound per protein molecule, c is the concentration of the
P
protein, and °< is a small fraction indicative of the characteristics
of the reduction of metal-protein complex ion at the dropping mercury
electrode.
provided

Binding data, can be
is

known.

A

useful

evaluated
aspect

of

from current
these

ratios

polarographic

measurements is in the study of competition between metal ions for
combining with protein.
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INDUCTIVELY COUPLED PLASMA SPECTROSCOPY
Inductively coupled plasma (ICP) is a sensitive technique for
multielement analysis by atonic emission
excitation

source

is an electrodeless

spectroscopy.

The

ICP

argon plasma operated at

atmospheric pressure and sustained by inductive coupling to a radio
frequency electromagnetic field.

Figure 9 (Willard et al 1981) is a

schematic drawing of an ICP source.

It consists of three concentric

quartz tubes through which streams of argon flew.

The outermost tube

is surrounded by three or four turns of an induction coil connected
to a radio frequency generator.

The high frequency current flowing

in the induction coils generates oscillating magnetic fields whose
lines of force are axially oriented inside the quartz tube and follow
closed elliptical paths outside the tube.

The ionization of the

flowing argon is initiated by a spark from a Telsa coil (Faires
1982) .

The

resulting

ions

and

electrons

interact

with

the

oscillating magnetic field, causing ions and electrons within the
coil to flow in closed annular paths inside the quartz tube space.
The ions and electrons are accelerated by the high frequency magnetic
field.

As a consequence of their resistance to this movement, ohmic

heating and additional ionization result.

The plasma formed in this

way is a highly-ionized gas with temperatures of 6,000 - 10,000
degrees Kelvin.

Thermal isolation of the plasma frcm the outer

quartz cylinder is required.

This is accomplished by argon flowing

tangentially around the walls of the tube at 10-15 L/min.
A liquid sample is aspirated by a nebulized system into the
argon carrier gas flowing up through the center tube (Skoog and West

Figure 9:

Schematic drawing of an ICP source. Adapted frcm Willard
et al (1981).

£)<— RF COIL

CONCENTRIC QUARTZ TUBES

♦'AUXILIARY ARGON

t

SAMPLE AEROSOL IN ARGON
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1982) .

The aerosol is transported at a rate of approximately one

milliliter per minute into the hot plasma at the head of the tube.
The sample passes through the open core of the induction torus, where
it experiences temperatures in the 6000-8000K range during a two to
three millisecond residence time.
There were several advantages in employing ICP as the excitation
source for the elemental analyses in the rice bran investigations
reported here:
1) Multielement capability allowed simultaneous determination of
phosphorus, magnesium, potassium, calcium, iron, copper, and
zinc in the rice bran slurries.
2) The higher temperature of ICP compared to combustion flames
allowed the determination of the refactory element
phosphorus.
3) The high linear range (4-5 decades) of ICP allowed the
determination of the "high" concentrations of phosphorus,
magnesium, potassium, and calcium and the "low"
concentrations of copper, iron, and zinc on the same
sample without dilution.
4) Direct analysis of the fractions frcm the Sephadex column

without digestion was possible since matrix effects are
greatly reduced in ICP.
5) Excellent detection limits:

0.1-10 ppb for most elements.

6) Excellent accuracy and precision.
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P FOURIER TRANSFORM NMR
Basic Principles
When a magnetic nucleus of spin 1/2, such as

P, is placed in

an external magnetic field, its magnetic nonent can align with or
against the field.

Each orientation corresponds to a discrete energy

level given by:

E = m

M. 3

r

H

o

I

where I is the spin number (1/2, -1/2 for

31
P), m is the magnetic

quantum number, E is the energy of transition,
moment of the nucleus in nuclear magnetons,

p

si

is the magnetic

is a constant called

the nuclear magneton, and Hq is the external magnetic field strength
in gauss.

For

a

large

number

of

nuclei

at

equilibrium,

the

population of the two energy levels is governed by a Boltzmann
distribution:

n
= e
upper

- H /IkT
o

nlower

where k is the Boltzmann constant and T is the absolute temperature.
Transitions between these energy states can be produced by perturbing
the nuclei with a second, much weaker magnetic field, oscillating at
right angles to the strong field.

The resonance frequency v , that

will effect transitions between energy levels is given by:
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Vo =

M.e>

Ho

hi

The value of

vq

for

31

P is approximately 24.3 MHz in a magnetic field

of 14.09 KG (Willard et al 1981).
Spin-lattice

and

spin-spin

relaxation processes

return

nuclei in the upper-energy state to the lower-energy state.

the

Only if

the relaxation back to the lower-energy state can occur at least as
rapidly as absorption, will the intensity of nuclear absorption at a
given frequency remain constant.

Otherwise, in time, the rf field

will equalize the populations of the energy levels and the detected
signal

will

diminish

relaxation times for

to

zero

(Willard

et

al

1981) .

Typical

31
P nuclei in liquids are of the order of 0.01 -

10 seconds (Crutchfield et al 1967).
Chemical Shift of
Each

31
P Nuclei

31
P nucleus is partly shielded from the full strength of

the applied field Hq by the action of rapidly drifting electrons
which generate small local magnetic fields of their own, partly
cancelling the main field (Crutchfield et al 1967).

The magnitude of

the effective field felt by each group of nuclei is expressed as:

where

c

is a nondimensional shielding constant (Willard et al 1981).

The value of the shielding constant depends on factors such as
orientation,

hybridization,

and

electronegativity

of

the

groups
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attached to the

31
P nucleus of interest.

The chemical shift in

31

P

NMR is expressed in terms of its position relative to the peak due to
Ol
85% phosphoric acid, which is assigned the value of zero ppm.
P
NMR shifts range from about -225 ppm for PBr^ to +460 ppm for P^
Crutchfield et al 1967).
Spin-Coupled and Spin-Decoupled

31
P NMR Spectra

31
P nuclei can interact with other magnetically active nuclei in
the same molecule to cause splitting of the resonance lines into
smaller

multiplet

peaks

of

the

same

total

multiplets arise because magnetic moments of the

intensity.

These

31
P nuclei interact

with the strongly magnetic electrons in the intervening bonds.

The

strength of the coupling,

the

J,

is given by the

spacing of

multiplets expressed in hertz (Willard et al 1981).
The coupling of a

31
P nucleus to protons through a chemical bond

or a sequence of 2-3 bonds is catmonly observed. The splitting of
31
the ' P peak by proton nuclei is given by n + 1 where n is the number
of protons.

Couplings depend on molecular geometry.

studies reported here JpQQj couplings were determined.

In the

31
P NMR

The values of

these constants provided valuable information concerning bonding
arrangements in the phytate molecule.
Proton-decoupled

31
P NMR spectra are achieved by irradiating the

nuclei not only with a rf field

at resonance with the

31
P nuclei

to be observed but additionally with a second, relatively strong
alternating rf field H„, perpendicular to H and resonance with the
fa
o
protons to be decoupled.
greater than J.

Decoupling is achieved when v ^ / h l

is

The spin and magnetic moment of the proton is
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quantatized in a direction perpendicular to its coupling

31

P partner,

the coupling is removed, and multiplets collapse into a single peak.
The result is a simplified spectrum.
Fourier Transform NMR
The Fourier Transform technique makes possible the study of the
less sensitive

31
P nuclide.

In Fourier Transform NMR the resonance

lines are simultaneously examined.

A strong pulse of rf energy (H^)

is applied to the sample for 1-1000

/<

sec.

This pulse of rf energy

causes the magnetic moment of the nucleus to spiral away from the
z-axis in the direction of the static field and ccmes to rest in the
x-y plane.

Following the pulse, the restoring torque of the static

field Hq causes a precession of the magnetic moment around the z-axis
at the resonance frequency.

This induces a decaying sinusoidal

voltage in a coil of wire surrounding the sample.

This signal is

digitized by a fast analog-to-digital converter and the successive
digitized signals

are coherently added in a conputer until an

adequate signal-to-noise ratio is obtained.

A Fourier Transform is

then performed by the computer to obtain a NMR spectrum of absorption
versus frequency (Willard et al 1981).
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INTRODUCTION

During the last twenty years, research on the interactions of
the minerals, proteins, and phytic acid in oilseeds has attracted
much attention.

It has been established that phytic acid interacts

with minerals and proteins leading to reduced mineral bioavailability
and altered protein functionality

(Cheryan 1980, Cosgrove 1980,

Erdman 1979, O'Dell 1979, Reddy et al 1982).
The protein-phytic acid solubility relationships as a function
of pH have been investigated for soybean (Fontaine et al 1946, de
Rham and Jost 1979, Okubo et al 1975, Qnosaiye and Cheryan 1979,
Prattley et al 1982), wheat (Hill and Tyler 1954 c), peanut (Fontaine
et al 1946), cottonseed (Fontaine et al 1946), and rapeseed (Gillberg
and T o m e 11 1976) systems.

Only a few studies have examined the

effects of pH on the solubilities of the mineral components and on
the mineral-phytate and mineral-protein relationships in oilseeds
(Hill and Tyler 1954 a, b, c, Rendleman 1982, Rendleman and Grobe
1982, Prattley et al 1982).

No previous work seems to have been

published on the influence of pH on mineral, protein, and phytate
solubilities and interactions in rice bran.

Thus, in these studies

the solubility behaviors of iron, zinc, copper, potassium, magnesium,
calcium, phosphorus, and nitrogen in rice bran have been examined as
a function of pH.
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MATERIALS AND METHODS

BRAN SAMPLES
Rough rice of the LaBelle variety was obtained from the 1982
crop of the Louisiana Agricultural Experiment Station (Rice Research)
in Crowley, Louisiana.

It was dehulled by a Satake dehuller.

The

bran (0-6%) was collected by milling using a McGill Rice Miller.

MINERAL SOURCES
Ferrous,

ferric,

Mallirikrodt, Inc.
Co.

and

sine

sulfate

were

obtained

fron

Cupric sulfate was obtained fron Fisher Scientific

All of these were reagent grade chemicals.

Iron, zinc, copper,

phosphorus, potassium, magnesium, and calcium standards were prepared
using certified atomic absorption reference solutions frctn Fisher
Scientific

Canpany.

Nitrogen

standards

ammonium sulfate primary standard

were

prepared

fron

an

(Fisher Scientific Company No.

A-938). The ammonium sulfate was dried for 2 hours at 105°C before
being used.

EQUIPMENT
Inductively coupled plasma (ICP) analyses were conducted using
an Applied Research Laboratories Model 34100 ICP Spectrometer.

A

Technicon Auto Analyzer II was used for ammonia determination.

An

Orion

Research Microprocessor

determination.

Ionanalyzer

901 was

used

for pH
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SAMPLE PREPARATIONS
Effects of Time and Temperature on the Solubilization of
Endogenous Minerals and Protein and the Binding of Exogenous
Minerals
Samples

containing

the

equivalent of

20-25 mg

of

Fe(II),

Fe(III), Zn(II), or Cu(II) ions fron the sulfate salts and 5 g of
rice bran were incubated in polyethylene bottles each containing 100
ml of distilled-deionized water.

The bottles were incubated on a

rotary shaker for 5, 10, 15, 30, 60, 120, and 180 min at 20° and
60°C.

Control

identically.

samples

without

added

minerals

were

treated

Immediately following incubation these slurries were

centrifuged for 30 min. at 19,600 x g and the supernatants decanted
and saved.

These supernatants were stored at 10°C.

Effects of pH on the Solubilization of Endogenous Minerals
To determine the effects of pH, aliquots of either 0.18N HCl or
0.10N NaOH were added to 5 g samples of rice bran and the final
volumes were immediately adjusted to 100 ml with distilled-deionized
water.

These samples were incubated on a rotary shaker for 60 min at

20°C.

Immediately following incubation and centrifugation at 19,600

x g for 30 min, the resultant pH values of the supernatants were
determined.

Control samples (pH 7.1) were treated identically.

SAMPLE ANALYSES
Determination of Mineral Concentrations
Iron, zinc, and copper concentrations were determined by ICP on
HNO^-HCIO^ (3:1) digests of bran supernatants and of bran.
values represent averages from triplicate readings.

Reported
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Protein Determinations
Bran

and

bran

supernatants

were

determination of total Kjeldahl nitrogen.

analyzed

for protein

by

Samples were subjected to

a sulfuric acid digest using a potassium sulfate-cupric sulfate
(10:0.3)

catalyst, diluted,

airmonia determination.

and placed on an auto analyzer for

A nitrogen to protein conversion factor of

5.95 was used.

HANDLING OF DATA
The figures were plotted by SAS using a spline method SM .
XX
Spline methods smooth points in a plot (Goodnight 1981).

RESULTS AND DISCUSSION
EFFECTS OF TIME AND TEMPERATURE ON THE SOLUBILIZATION OF ENDOGENOUS
MINERALS AND PROTEIN AND THE BINDING OF EXOGENOUS MINERALS
An assessment of the effects of time and temperature on mineral
and

protein

solubilization

and

mineral

binding

allowed

a

representative time and temperature for sample incubation to be
chosen for the pH studies.

Figures 1 (a) and (b) depict the effects

of time and temperature on the solubilities of endogenous iron, zinc,
copper, phosphorus, and nitrogen (protein) containing substances in
rice bran.

Data pjoints represent averages fron triplicate samplings.

The average standard deviations of the data points were
Fe, Zn, P, Ca, Mg, and K,
The

greatest

L

increase

2.0% for Cu, and
in

I

0.4 % for

1.0% for N.

solubilization

of

the endogenous

minerals and proteins with time of incubation was during the first
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Figure 1 (a): Effects of time and temperature of bran incubation on
iron (+20°C, x 60°C), zinc (o 20°C, O 60°C), and
copper (A 2Q°C, * 60°C) solubilities.
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Figure 1 (b): Effects of time and temperature of bran incubation
phosphorus (x 20°C,
( a 20°C,

O

60°C) and nitrogen

O 60°C) solubilities.
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30-40 minutes at 20° and 60°C, with copper and phosphorus being
exceptions.

Phosphorus solubility increased sharply during the first

120 minutes of incubation at 20° and 60°C.

Copper solubility at 20°C

showed a steady increase in solubility for incubation times up to 180
minutes.

With the exception of endogenous zinc,

increasing the

temperature fron 20°C to 60°C resulted in increased solubilization.
Endogenous zinc was found to be less soluble at 60°C than at 20°C at
times greater than 60 minutes.
Statistical
regression

evaluation

revealed

that

of

the

the

data

by

piecewise

linear

solubilities

of

the minerals

and

proteins continued to significantly increase with longer (30-180 min)
extraction

times, with

the

exception

of

two

cases.

The

two

exceptions were:
1) the solubility of copper at 60°C which remained constant
(hypothesis of zero slope could be accepted), and
2) the solubility of zinc at 60°C which significantly decreased.
It is not obvious why the solubility behavior of zinc contrasted
that of the nitrogen, phosphorus, iron, and copper components with
increased time at 60°C.

Incubation at 60°C could have possibly led

to an increase in the number of zinc binding sites of (an) insoluble
binder(s) (i.e. proteins, fiber, phytates, etc. that are insoluble at
pH 7.1).
As shown in Table 1, maximum insolubilization was approached
after 10 minutes of incubation for exogenous iron, zinc, and copper
ions introduced as aqueous solutions of the sulfates.

There was no

further increase in insolubilization for incubation times up to 120

Table 1:

Effect of time and temperature on the insolubilization of
exogenous iron, zinc, and copper ions.

TIME
(min)

% INSOLUBILIZED
Fe(II)

Fe(III)

Zn(II)

Cu(II)

0
o
VO
•

•

90

•

96

•

92

94

95

95

98

98

93

93

30

93

98

94

96

98

98

93

94

60

93

97

94

98

98

99

93

94

120

94

98

94

96

98

98

93

94

2

31

5

60

10

60°
•

20°
88

o
o
VO

0
o
CM
86

20°

•

20°
93
93

60°
•
•

cn

vo
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minutes.

Increasing the incubation temperature from 20°C to 60°C,

increased the insolubilization of exogenous iron, zinc, and copper
ions slightly.
Fran this study of the effects of time and temperature on
mineral solubilization and binding and on protein solubilization, a
representative time (60 min.) and temperature (20°C) for incubation
were chosen for the pH studies.
SUPERNATANT TURBIDITY
In the above experiments (at endogenous pH 7.1) and in other
extraction experiments carried out at pH values between 6.5 and 10.3,
the supernatants obtained were not true solutions.

The aqueous rice

bran slurries upon centrifugation yielded supernatants of increasing
turbidity as
Several

the pH

authors

increased

frcm approximately 6.5 to

(Fontaine et al

1946,

Saio et al

1967)

10.3.
have

suggested that the turbidity of soybean and cottonseed protein
extracts is connected with the presence of phytic acid.

Gillberg and

Tomell (1976) and Cheryan et al (1983) confirmed that the turbidity
of such extracts was caused by the presence of finely divided
insoluble phytic acid derivatives.
also

with

rice

bran

extracts.

This was suspected to be the case
However,

in

this

study,

when

centrifugations were done at 19,600 x g for 30 min, reproducible
mineral and nitrogen assays were obtained.

EFFECTS OF pH ON THE SOLUBILIZATION OF ENDOGENOUS MINERALS AND
PROTEIN
Figures 2-4 show the solubility behaviors of iron, copper, zinc,
magnesium, calcium, potassium, nitrogen, and total phosphorus in rice
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Figure 2

Solubility behaviors of nitrogen ( & ) and phosphorus
( □ ) as a function of pH in rice bran slurries incubated
at 20°C for 60 minutes.

%

m ?

?

?

?

SOLUBLE

?

9

o -j 1-1,111“ “ 11111 11 1111IJ111 11L1“ 111 ' *111,1111 11 ................

9

Q

P

§

■iT........... ,T. . . . . . . . ,T

N) -i

U)

tn

”
303
o>

CD H

NJ

73

Figure 3

Solubility behaviors of potassium (C ), magnesium ( □ ),
and calcium ( & ) as a function of pH in rice bran
slurries incubated at 20°C for 60 minutes.
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Figure 4

Solubility behaviors of iron ( O ), zinc ( a ), and copper
( 6 ) as a function of pH in rice bran slurries incubated
at 20°C for 60 minutes.
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bran as a function of pH.
in

rice

bran

is

phytic

Since approximately 90% of the phosphorus
phosphorus

(Juliano

1972)

the

total

phosphorus curve is a representation of the behavior of phytic
phosphorus.

The nitrogen results can be considered representative of

the solubilities of protein, since practically all of the nitrogen in
rice bran is present as protein.

The protein content of the

supernatants was expected to consist primarily of the water-soluble
albumins, which comprise approximately 37% of the bran proteins
(Juliano 1972).
As illustrated in Figure 2, the solubility of total phosphorus
as a function of pH did not correspond to that of nitrogen in the pH
2.0-10.3 range.

Total phosphorus solubility increased fron a minimum

of 11.5% at pH 10.3 to a maximum of 80% in the pH 4.1-5.2 range. In
contrast, nitrogen solubility decreased frcm a maximum of 55% at pH
10.3 to a minimum of approximately 15% in the pH 2.4 to 4.1 range.
This solubility behavior contrasts that observed for rapeseed
(Gillberg and Tomell 1976) ,
soybean

peanut

(Fontaine et al 1946), and

(Fontaine et al 1946, de Rham and Jost 1979).

In these

systems the solubility of phytic phosphorus somewhat parallels the
solubility behavior of the proteins, as exemplified for defatted soy
flour in Figure 5.

This solubility profile of phytic phosphorus in

soy flour differs from that seen in the absence of protein (Cheryan
1980)

or protein binding

(Hill

and Tyler

1954

interaction between phytic phosphorus and protein.

c), suggesting

It has been shown

(Cosgrove 1966, Okubo et al 1976, de Rham and Jost 1979) that the
anionic phosphate groups of phytate bind strongly to the cationic

78

Figure 5:

Solubility behaviors of nitrogen and phosphorus in
defatted soy flour.

(Fran Fontaine, T. D., Pons, W. A.,

and Irving, G. W. 1946. J. Biol. Chent. 164:487.

With

permission of American Society of Biological Chemists,
Inc.)
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groups of protein below the pH of the "true" isoelectric point of the
apo-protein moiety.

At pH values above the isoelectric point binding

occurs through a salt linkage or an alkaline-earth ion bridge to the
negatively charged protein.

At high pH (above 11) phytate-protein

binding is disrupted and the liberated phytate precipitates in the
presence of sufficient calcium or magnesium.
The solubility profile of total phosphorus in rice bran as a
function of pH, shown in Figure 2, is similar to that observed by
Hill and Tyler (1954 a) for wheat bran (Figure 6).

With wheat bran

extracts, as with rice bran extracts, the amount of soluble total
phosphorus

increased sharply between pH

6.2 and 5.0.

It then

decreased gradually to a minimum at approximately pH 2.0, before
rapidly increasing again at lower pH values.

Hill and Tyler did not

report the effects of pH on nitrogen solubility in wheat bran.
Information allowing a comparison of the nitrogen solubility profile
of rice bran with that of wheat bran was not found in the literature.
The solubility profile of nitrogen in rice bran as a function of
pH, shown in Figure 2, resembles that found for cottonseed meal
(Fontaine et al 1946) (Figure 7).

With cottonseed meal extracts, as

with rice bran extracts, the solubility of
correspond to that of

total phosphorus did not

nitrogen in the pH 2.8 to 10.3 range.

In the

pH 2.0-1.0 and 2.8-1.5 ranges for rice bran and cottonseed meal,
respectively, there was a sharp increase in both total phosphorus and
nitrogen solubilities.

As stated above, in wheat bran there was also

a sharp increase in total phosphorus solubility at pH values below 2.
There appears to be seme association between protein and phytic acid
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Figure 6:

Solubility behavior of phosphorus in wheat bran as a
function of pH.

(Fran Hill, R. and Tyler, C. 1954. J.

Agri. Sci. 44:297.
University Press.)

With permission of Cambridge
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Figure 7:

Solubility behaviors of nitrogen and phosphorus in
cottonseed meal.

(Fran Fontaine, T. D., Pons, W. A., and

Irving, G. W. 1946. J. Biol. Chem. 164:487.

With

permission of American Society of Biological Chemists,
Inc.)
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in wheat bran (Hill and Tyler 1954 c), in cottonseed meal (Fontaine
et al 1946), and in rice bran for these pH ranges.

At pH values

lower than approximately 1.5 for cottonseed meal and 1.0 for rice
bran, nitrogen solubility decreased and total phosphorus solubility
increased. Fontaine et al (1946)
effect

at pH values

lower

have suggested that this solubility

than

1.5

arises

from the

complete

displacement of the phytic acid ion by the chloride ion.
The

solubility of

potassium,

magnesium,

and

calcium as

a

function of pH corresponded to that of phosphorus in the 4.0-10.3 pH
range (Figure 3).

These solubility curves for magnesium, potassium,

and calcium as a function of pH are similar to those found in the
literature for their corresponding salts of phytic acid

(Jackman and

Black

1951, Saio et al 1967, McKinney et al 1949, Smith and Rackis

1957).

In general, magnesium, calcium and potassium salts of phytic

acid tend to be highly soluble at lew pH and insoluble at high pH.

A

rapid drop in solubility has been observed at pH 5.5 to 6.0 for
calcium phytate (Jackman and Black 1951, Saio et al 1967, McKinney et
al 1949) and at 7.2 to 8.0 for magnesium phytate (Smith and Rackis
1957). A rapid drop in solubility was seen in these experiments in
the 5.6-7.0 pH range for magnesium, potassium, and calcium species.
The magnesium and calcium solubility curves for rice bran resemble
the solubility profiles

ofmagnesium and calcium

in wheat bran (Hill

and Tyler 1954 a).
The solubility of iron, zinc, and copper
function of pH for the pH

in rice bran as a

range 0.6 to 10.3 is shown in Figure 4.

Minima in the iron solubility curve occurred at pH 6.7-7.2 (6.0%) and
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at pH 4.4-4.8 (16.0%).

Only a slight increase in iron solubility was

observed at pH values higher than pH 7.2 (from 6.0-10.0%).

As the pH

decreased frcm 7.2 to the pH 4.4-4.8 range, a maximum in solubility
was observed at approximately pH 5.6 (20.0%).

At pH values lower

than pH 2.0, there was a rapid increase in iron solubility (to
approximately 70% at pH 0.6) .
Minima in the copper solubility curve occurred at pH 6.2 (20%)
and pH 4.2 (28%).

Frcm pH 6.2 to 10.3 and frcm pH 4.2 to 0.6, copper

solubility increased to approximately 70% and 95%, respectively.

A

maximum in the curve representing 32% solubilized copper occurred at
pH 4.6.
Minimum zinc solubility (14.5%) occurred at pH 6.2.

In going

frcm pH 6.2 to pH 10.3, there was only a gradual increase in zinc
solubility to 36%.

Zinc solubility increased rapidly to a value of

approximately 100% in going from pH 6.2 to pH 0.6.
No relationship was apparent between the zinc, iron, and copper
solubility curves and the phosphorus solubility curve over the pH
0.6-10.3 range.

Precipitation methods for phytate determination are

based on the insolubility of ferric phytate at acid pH (Oberleas
1971).

If

the

soluble

iron

and

phosphorus

components

were

associated, a decrease in soluble iron with decreasing pH would be
expected.

However, a rapid increase in iron solubility was observed

in the pH 2.0-0.6 range.

The sharp increase in copper solubility in

the pH 6.8 to 10.3 range suggested a possible association of copper
with the soluble nitrogen component (protein).

Zinc also followed
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the nitrogen solubility curve in the pH 6.2 to 10.3 range, which is
evidence that zinc too is possibly associated with the protein.

CONCLUSIONS

Insight into the mineral, protein, phytate relationship in rice
bran was gained by examining the solubility behavior of these
components as a function of pH.

In rice bran, the solublity of total

phosphorus as a function of pH did not correspond to that of nitrogen
in the pH 2.0-10.3 range.

Whereas, in the pH 2.0-1.0 range the total

phosphorus curve was seen to follow that of nitrogen, and it may be
inferred that association between protein and phytic acid occurred in
this pH range.

The solubility profile of the total phosphorus and

nitrogen components, as a function of pH, were found to resemble that
for cottonseed meal, while contrasting that observed for rapeseed,
peanut,

and soybean systems.

The

solubility behavior of total

phosphorus in rice bran was also seen to be very similar to that of
total phosphorus in wheat bran.
Potassium, magnesium, and calcium solubilities as a function of
pH in rice bran appeared to correspond to those of their phytic acid
salts.

No relationships between the soluble iron, zinc, and copper

species and phytic acid were apparent frcm the pH data.

However, a

possible association of copper and zinc with protein was suggested by
the behavior of the solubility curves in the pH 6.8-10.3 and 6.2-10.3
ranges, respectively.
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THE INTERACTIONS OF MINERALS, PROTEINS, AND PHYTIC ACID
IN RICE BRAN
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INTRODUCTION

During the last decade a trend has developed to incorporate bran
into cereal products as a high protein, high fiber source.

Until

new, such use of rice bran has been hindered by its susceptibility to
rancidity.

The

recent development of

carmercial

processes

for

stabilizing rice bran foretells an upsurge of its use in cereal
products.
The

utilization

of

rice

bran

poses

the

nutritional effect of its high phytic acid content.

question

of

the

Phytic acid has

been shown to interact with minerals and proteins leading to reduced
mineral bioavailability and altered protein functionality (Cheryan
1980, Cosgrove 1980, Erdman 1979, O'Dell 1979, Reddy et al 1982).
In a previous paper (Champagne et al 1985a), insight into the
mineral, protein, phytic acid relationships in rice bran was gained
by examining the
function of pH.

solubility behavior of these components as a

This present investigation was undertaken to study

further the nature of the interactions of the phytates, minerals, and
proteins in rice bran as influenced by the chanical environment.

The

effects of the addition of Fe(II), Fe(III), Zn(II), and Cu(II) ions
on the solubilities of the iron, zinc, copper, potassium, magnesium,
calcium, phosphorus, and nitrogen containing substances in rice bran
have been examined.
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MATERIALS AND METHODS

BRAN SAMPLES AND MINERAL SOURCES
Bran
described

samples
in

an

and mineral
earlier

sources were

paper

and

were

identical

prepared

as

to

those

outlined

previously (Champagne et al 1985a).
SDS GEL ELECTROPHORESIS REAGENTS
Glacial

acetic

acid,

methanol,

glycerol,

sodium

phosphate

monobasic, and sodium phosphate dibasic were reagent grade chemicals.
Biorad Electrophoresis

Purity

Reagents:

sodium dodecyl

sulfate,

acrylamide, 2-mercaptoethanol, Bis (N, N' -methylene-bis-acrylamide),
TEMED (N, N, N', N '-tetramethylethylenediamine), ansnonium persulfate,
Coomassie Brilliant Blue R-250, and brcmophenol blue were used.

The

electrophoresis gel tubes were soaked in Photo-Flo 200 solution frcm
Eastman Kodak Company to facilitate gel removal. A kit of molecular
weight markers containing seven proteins having molecular weights
ranging frcm 14,200 to 66,000 was obtained frcm Sigma Chemical
Company.
SUPPORTING ELECTROLYTES
All reagents used in preparing the supporting electrolytes were
reagent grade.

The iron content of these reagents was negligible.

The supporting electrolytes were prepared as follows:
1) 0.1N ammonium citrate, pH 6.0—
pH 6.0.

0.1 N citric acid + NH.OH to

2) 0.1 N sodium acetate, pH 4.5—
acetic acid to pH 4.5.

0.1 N sodium acetate + 0.1 N
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3) 0.1 N EDTA/0.8 N sodium acetate, pH 5.2— 0.1 N EDTA + 0.8 N
sodium acetate + 0.1 N acetic acid to pH 5.2.
EQUIPMENT
Inductively coupled plasma (ICP) analyses and pH determinations
were conducted as previously described (Champagne et al 1985a). A
Technicon Auto Analyzer II was used for ammonia determination.

A

Biorad Laboratories Model 155 electrophoresis cell with a Buchler
3-1500 constant power supply was employed for SDS gel electrophoresis
separations.

The bands of the gels were scanned with a Gelman ACD-18

Automatic Computing Densitometer.

Differential pulse polarography

experiments were performed using a Princeton Applied Research Model
174 A Polarograph in the differential pulse mode.
SAMPLE PREPARATIONS
Aqueous aliquots containing from 0.010-50 mg Fe(II), Fe(III),

Zn(II), or Cu (II) ions as the sulfates were added to 5 g samples of
rice bran in polyethylene centrifuge bottles.

The volumes were

adjusted to 100 ml with distilled-deionized water.

One group of

samples were treated without pH control, while the pH values of a
second group were adjusted to be within the 7.05-7.15 range with 0.1
N NaOH.

This second group of samples was divided into two sets.

The pH values of the first set were adjusted immediately after the
•

addition of the exogenous minerals.

The second set was allowed to

incubate for 30 min at 20°C on the rotary shaker prior to pH
adjustment.

The samples whose pH were uncontrolled and those whose

pH were adjusted prior to incubation were incubated for 60 nun on the
rotary shaker.

The samples whose pH were adjusted after 30 min of
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incubation

were

incubated

an

additional

30

min.

Immediately

following the completion of incubation, the slurries were centrifuged
for 30 min at 19,600 x g and the supernatants decanted and saved.
The resultant pH values of the supernatants were determined and the
supernatants were stored at 10°C.
SAMPLE ANALYSES
Determination of Mineral Concentrations
Iron, zinc, and copper concentrations were determined by ICP on
HNO^-HCIO^ (3:1) digests of bran supernatants and of bran.

Reported

values represent averages from triplicate readings.
Protein Determination
Bran

and

bran

supernatants

were

determination of total Kjeldahl nitrogen.

analyzed

for

protein

by

Samples were subjected to

a sulfuric acid digest using a potassium sulfate-cupric sulfate
(10:0.3)

catalyst, diluted,

ammonia determination.

and placed on an auto analyzer for

A nitrogen to protein conversion factor of

5.95 was used.
Soluble Protein Ccmposition
SDS gel electrophoresis was performed on the bran supernatants
to determine the molecular weights and the relative amounts of the
subunits comprising the soluble proteins, in accordance with the
method of Weber and Osborn
scanned with a densitometer.

(1969).

The bands of the gels were
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Studies of Protein-Mineral Interactions by Differential Pulse
Polarography

Differential pulse polarography experiments were performed by
titrating the rice bran control supernatant into systems containing
one of the supporting electrolytes (described above) spiked with 5
ppm Fe(III), Zn(II), or Cu(II) ions. The resultant reducible Fe(III),
Zn(II), or Cu(II) content of the systems was monitored.
Reducible solubilized iron, copper, and zinc concentrations were
determined on aliquots of the rice bran supernatants which contained
these exogenous ions.
HANDLING OF DATA
The figures were plotted by SAS using either 1) spline methods
SPLINE or SM , or 2) quadratic, cubic, or linear regressions with
20£
95% confidence limits.

The spline methods smooth points in a plot

(Goodnight 1981).

RESULTS AND DISCUSSION

The phosphorus and nitrogen results discussed here can be
considered representative of the behaviors of phytic phosphorus and
protein,

respectively.

In rice bran,

approximately

90% of the

phosphorus is phytic phosphorus and practically all of the nitrogen
is present as protein (Juliano 1972) .

The protein content of the

supernatants was expected to consist primarily of the water-soluble
albumins, which comprise approximately 37% of the bran proteins
(Juliano 1972).
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Preliminary experiments showed that a representative incubation
time and temperature for mineral solubilization and binding and for
protein solubilization was 60 minutes at 20°C

(Champagne et al

1985a).

Thus, these conditions were selected for the following

studies.

The rice bran supernatants obtained here and in previous

studies (Champagne et al 1985a) were not true solutions.
rice bran

slurries

upon

decreasing

turbidity

as

centrifugation yielded
increasing amounts

Zn(II), or Cu(II) ions were added.

The aqueous

supernatants

of

of Fe(II), Fe(III),

The turbidity of oilseed extracts

has been linked to the presence of finely divided insoluble phytic
acid derivatives (Gillberg and Tomell 1976, Cheryan et al 1983).
This was suspected to be the case also with rice bran extracts.
However, in this study, when centrifugations were done at 19,600 x g
for 30 min, reproducible mineral and nitrogen assays were obtained.
EFFECTS OF THE ADDITION OF EXOGENOUS MINERALS TO RICE BRAN
The effects of the

addition of exogenous minerals on the

solubilities of endogenous minerals and protein were studied by
adding increasing amounts of Fe(II), Fe(III), Zn(II), or Cu(II) ions
(0.002-10

mg/g

bran)

to

aqueous

slurries

of

rice

bran.

An

examination of the solubility curves in Figures 1-7 revealed that
when less than 0.1 mg of Fe(II), Fe(III), Zn(II), or Cu(II) ions was
added per gram bran, there was generally little or no change in the
solubilities

of

the

endogenous

minerals

and

protein.

Greater

additions of these ions, however, affected endogenous mineral and
protein solubilization.
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THE EFFECTS OF THE ADDITION OF FE(II) AND FE(III) IONS
The addition of 0.1 to 10 mg Fe(II) or Fe(III) ions per gram
bran led to a decrease in the solubilities of endogenous zinc and
copper and of protein (Figure 1).
protein solubility

Note that these zinc, copper, and

curves were parallel.

The two sets of zinc,

copper, and protein curves obtained from the addition of Fe(XI) and
Fe(III) ions were superposable.

Thus, the oxidation state (+2 or

+3) of the added iron ions was not a factor affecting the resultant
solubilities of these endogenous minerals and protein.
oxidation

state of the added

iron ions was

However, the

shown to markedly

influence endogenous phosphorus solubility.

The addition of 0.1 to

10 mg Fe (II) ions per gran bran led to a

decrease in phosphorus

solubility and produced a curve that followed the zinc, copper, and
protein solubility curves (Figures 1,2).

In contrast, the addition

of 0.1 to 10 mg Fe(III) ions per gram bran led to a two-fold increase
in phosphorus solubilized (Figure 3).

Similarly, the effects of the

addition of iron ions on endogenous calcium, magnesium, and potassium
solubilities were dependent on the state of the iron ions.
addition of 0.1 to 10 mg Fe (III)

ions led to an

increase

The
in

endogenous calcium, magnesium and potassium solubilities; an increase
similar to that observed for phosphorus following the addition of
Fe(III) ions (Figure 3).

In contrast, the addition of 0.1 to 2 mg of

Fe (II) ions per gram bran led to a decrease in calcium and magnesium
solubilities;

a decrease similar to that observed for phosphorus

solubility following the addition of Fe(II) ions (Figure 2).

Greater

Figure 1

Effects of the addition of Fe(II) ( — ) and Fe(III) (ions o n C u ( o , o ) f N { 0 ,

+ ), and Zn ( £ , ■* )

solubilities without pH adjustment.
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Figure 2:

Effects of the addition of Fe(II) ions on K ( □ , O ),
P ( ti ), Mg ( +, x )t and Ca

(A

e ■#■ )

solvibilities with

(— ) and without ( — ) pH adjustment to 7.1.
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Figure 3

Effects of the addition of Fe (III) ions on K ( 0 , 0 ) ,
P ( # , o ) , M g ( + , x ) , and Ca ( ^

) solubilities

with (— ) and without (— ) pH adjustment to 7.1.
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additions of Fe(II) ions, however, led to no further decrease in
calcium solubilized and an increase in magnesium solubilized.

The

resultant solubility curve of potassium arising frcm the addition of
Fe(II) ions differed frcm those of calcium and magnesium.
solubility increased

Potassium

with the addition of 0.1 to 10 mg Fe(II) ions

per gram bran (Figure 2).
THE EFFECTS OF THE ADDITION OF ZN(II) IONS
The addition of 0.1 to 10 mg Zn(II) ions per gram bran to the
aqueous slurries resulted in a protein solubility curve (Figure 4)
similar to that obtained by the addition of iron ions (Figure 1).
The resultant endogenous copper solubility curve (Figure 4), however,
was unlike that arising frcm the addition of iron ions (Figure 1).
The addition of 0.1 to 2 mg

Zn(II) ions per gram bran led to a

decrease in copper solubilized while greater additions of Zn(II) ions
led to an increase in copper solubilized.

The addition of 0.1 to 4

mg Zn(II) ions per gram bran produced a slight decrease in endogenous
iron solubilized.

When larger amounts of Zn(II) ions were added, up

to 10 mg per gram bran, no further change was observed in endogenous
iron solubilization (Figure 4).

Endogenous phosphorus, potassium,

magnesium and calcium decreased in solubility with the addition of up
to 1 mg Zn(II)

ions per gram bran.

The solubilities of these

minerals, except phosphorus, increased with the addition of 1 to 10
mg of Zn(IX) ions per gram bran (Figure 5).

Phosphorus solubility

increased with additions frcm 1 to 8 mg Zn(II) ions per gram bran and
then decreased with further additions up to 10 mg per gram bran.

The

magnesium, potassium, and calcium solubility curves paralleled the
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Figure 4:

Effects of the addition of Zn(II) ions on Cu ( a
N (O

),

),

and Fe ( x ) solubilities without pH adjustment.

The dashed line shews the effect of pH adjustment to 7.1
on resultant Cu ( + ) solubility.
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Figure 5:

Effects of the addition of Zn(II) ions on K ( D , O ),
P (ti , o ), Mg ( + , x ), and Ca ( &

, *)

solubilities

with (— ) and without (— ) pH adjustment to 7.1.
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phosphorus curve for additions of 0.02 to 8 mg Zn(II) ions per gram
bran.
THE EFFECTS OF THE ADDITION OF CU(II) IONS
The addition of 0.1 to 4 mg Cu(II) ions per gram bran caused a
marked

decrease

solubilized,

in the

while

amount

endogenous

unaffected (Figure 6).

of

endogenous

iron

zinc

solubility was

and protein
shewn

to be

The resultant zinc and protein solubility

curves roughly paralleled each other.

Phosphorus, potassium and

magnesium solubilities increased with the addition of approximately 1
to 10 mg Cu(II) ions per gram bran (Figure 7).
10 mg Cu(II)

The addition of up to

ions per gram bran had little effect on calcium

solubility.
THE EFFECTS OF THE ADDITION OF MINERAL IONS ON MOLECULAR WEIGHT
PROTEIN FRACTIONS
In order to examine further the effects of the addition of
mineral ions on protein solubility,
performed on the bran supernatants.
revealed

that

supernatants

the

solubilized

(pH 7.1)

SDS gel electrophoresis was

SDS gel electrophoresis results

protein

consisted of

content

of

the

control

four major molecular weight

fractions in the 14,200-66,000 molecular weight range:

14,800,

23.000, 32,300, and 45,000 in approximately the ratio 5:12:8:8. These
four major molecular weight protein fractions were consistent with
those for rice albumin.

Padhye and Salunke (1979) identified six

major protein fractions in rice albumin obtained frcm milled rice
with molecular weights:
135.000.

7,400, 15,300, 20,300, 31,600, 43,700, and

Densitcmetric scans of the SDS electrophoretic gels showed
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Figure 6:

Effects of the addition of Cu (II) ions on N ( O ),
Zn ( a ), and Fe ( x ) solubilities without pH adjustment.
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that addition of Fe(II), Fe(III), Zn(II), or Cu(II)

ions led to

partial insolublization of all four major molecular weight fractions.
The percentage of

insolubilization was greater

fractions of higher molecular weight.

for the protein

Table I lists estimates for

the percentage of each molecular weight fraction insolubilized by the
addition of Fe(II) ions.
BINDING OF EXOGENOUS FE(II), FE(III), ZN(II), AND CU(II) IONS
Figure 8 depicts the amount of iron, zinc, and copper rendered
insoluble (bound)
bran slurries.

after addition of these mineral ions to the rice

There was a linear increase in the amount of mineral

insolubilized as the total amount of mineral (mg mineral added + mg
endogenous mineral) present increase!.

Note that the increase was

the same for the iron, zinc, and copper species.
PARALLELISM OF SOLUBILITY CURVES
The parallelism of: (1) the zinc, copper and protein solubility
curve resulting from the addition of Fe(II) and Fe(III) ions (Figure
1) and (2) the zinc and protein solubility curves resulting from the
addition of copper (II) ions (Figure 6) can be interpreted if an
association of these endogenous minerals with the soluble proteins
takes

place.

The

observed

decreasing

solubilities

of

these

endogenous minerals and of protein, arising from the addition of the
mineral ions can be explained as having resulted from either effects
of the added mineral salts on ionic strength (leading to salting-out
of soluble endogenous mineral-protein complexes), or the exogenous
mineral ions interacting with endogenous mineral-protein complexes to
yield insoluble mineral-protein complexes.
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Table 1: Effect of the addition of Fe(II) ions (10 mg/g bran) on
the solubilities of four major protein fractions in
rice bran.

MOLECULAR WEIGHT
PROTEIN FRACTION

% INSOLUBILIZED
With pH
adjustment

Without pH
adjustment

14,800

70

68

23,000

80

80

32,300

84

85

45,000

92

92

Figure 8

Fe, Zn, and Cu insolubilized (bound) after addition of
Fe(II) ( + ), Fe(III) ( Q ), Zn(II) ( A ), and Cu(II)
( O ) ions to the rice bran slurries.
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IONIC STRENGTH EFFECTS ON PROTEIN SOLUBILITY
Neutral salts containing di- or tri-valent ions of high ionic
strength are effective in salting-out proteins (White et al 1978).
Increased ionic strength occurred as increasing amounts

(0.002-10

mg/g bran) of exogenous Fe(II), Fe(III), ISn(II), or Cu(II) ions were
added to aqueous slurries of rice bran.

However, the addition of 10

mg of any one of these mineral ions to the aqueous slurries resulted
in theoretical increases no greater than

A

=0.036.

Salting-out of

the soluble proteins would not be expected to occur with such a small
increase in ionic strength.

Thus, ionic strength effects can be

ruled out.
BINDING OF ZINC, COPPER, AND IRON IONS BY ALBUMINS
The soluble protein content of the rice bran supernatants was
expected to consist primarily of the albumins.

Studies have shown

that zinc, copper, and iron ions bind to human serum albumin (Gurd
and Goodman 1952, 1954; Gurd and Wilcox 1956, Tanford 1951, 1952;
Klotz and Curme 1948, Klotz et al 1950, Klotz and Fiess 1951,
Coddington and Perkins 1960, Breslcw 1973, McMenanty 1977) and bovine
serum albumin (Rao and Lai 1958(a), 1958(b); Canon 1956).

It has

been established that the principle node of Zn(II) binding between pH
5.5 and 7.5 is a 1:1 interaction between Zn(II) and the imidizole
group of the histidine residues
1973).
range.

(Gurd and Goodman 1952, Breslow

The zinc-albumin complexes are soluble at 0°C in the pH 5-6.7
At

temperatures

above

rapidly (5-6 min.) (Gurd 1954).

5-10°C

precipitation occurs

very

Copper (II) binding at near neutral

pH occurs at the NH-terminal-penultimate histidine ccmplex

site
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(Shearer et al 1967) and weakly at the single SH group (Klotz et al
1955).
A

consequence

of

displacement of protons.

these metal

ions

binding

to

albumin

is

Gurd and Goodman (1952) demonstrated that

increasing the concentration of zinc ions (i.e. increasing the number
of protein bound ions)

led to a decrease in equilibrium pH.

A

comparable decrease in pH was observed when increasing amounts of
Fe(II), Fe (III), Zn(II), or Cu(II) ions were added to the rice bran
slurries.

The equilibrium pH of the rice bran slurries decreased

from 7.1 (endogenous pH) to 5.2 (Figure 9).

The decrease in pH was

identical for equivalent amounts of the four exogenous ions added.
EFFECTS OF pH ON MINERAL AND PROTEIN SOLUBILITIES
To investigate the effects of pH on resultant mineral and
protein solubilities, the pH of the rice bran slurries containing
increasing amounts of added Fe(II), Fe(III), Zn(II), or Cu(II) ions
(0.04-8.0 mg/g bran), were

adjusted to a constant pH of

Adjustments of pH were carried out by two means:

7.1.

(1) immediately

after addition of the exogenous mineral ion and (2) after allowing
the

slurries

to

incubate

for

30

minutes.

To

avoid

possible

competition between protein and buffer for ccmplexing the mineral
ions, these pH adjustments were made with NaOH rather than by means
of a buffer. These adjustments of pH (by both means) did not alter
the amount of iron, zinc, or copper rendered insoluble (Figure 8),
nor the resulting zinc (Figures 1, 6), copper (Figure 1), or protein
(Figures 1, 4, 6) solubility curves observed when the pH was not
controlled.
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Figure 9

Equilibrium pH of rice bran slurries following addition of
Fe(II) ( x ), Fe(III) ( + ), Zn(II) ( A ), and Cu(II)
( □ ) ions.
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Adjusting the pH of the rice bran slurries to 7.1 did not change
the SDS gel electrophoresis results.

As for the experiments without

pH control, all four major molecular weight fractions were partially
insolubilized by the addition of Fe(II), Fe(III), Zn(II), or Cu(II)
ions.

The percentage of insolubilization was greater for the higher

molecular weight fractions.

Table I, which lists estimates for the

percentage of each molecular weight fraction insolubilized by the
addition of Fe(II) ions, permits a comparison of the results for
conditions of constant pH and those of uncontrolled PHThe prospects for insoluble hydroxide formation were increased
as the pH was

adjusted to 7.1 with NaOH.

In the absence of

ccmplexation, the onset of hydrolysis of Zn(II) and Cu(II) occurs at
approximately

pH

6;

whereas,

Fe (III)

ions

are

present

hydroxides at pH values above 2 (Gurd and Wilcox 1956).

as

the

Thus, the

observations that pH adjustment to 7.1 did not change the resultant
mineral and protein solubilities were an indication that : (1) pH
effects were not a factor and (2) themineral-protein complexes were
stable to hydrolysis of the metal ions for pH values to 7.1.
STUDIES OF PROTEIN-MINERAL
POLAROGRAPHY

INTERACTIONS

BY

DIFFERENTIAL

PULSE

Differential pulse polarography experiments provided insight
into

the

relationship

between

endogenous minerals and protein.

the

exogenous

minerals and

the

The experiments discussed thus far

have involved the interactions of 5 g of bran

with 0.10-50 mg of

Fe(II),

Differential

Fe(III),

Zn(II),

or

Cu(II)

ions.

pulse

polarography experiments allowed the examination of the interactions

122

of 5 ppm Fe(II), Fe(III), Zn(II), or Cu(II) ions

with small (100x1

- 2 ml) amounts of the rice bran control supernatant.

Titrating frcm

100X1 - 2 ml of a control supernatant into an electrolyte spiked
with 5 ppm Fe(III), Zn(II), or Cu(II) ions resulted in a decrease in
reducible mineral content (Figures 10-12).

The curves in Figures 11

and 12, resulting frcm the titration of Zn(II) and Cu(II) ions with
the control supernatants in sodium acetate buffer, were in agreement
with

the diffusion current versus

albumin concentration

curves

obtained frcm ampercmetric titrations of these ions with albumin in
sodium acetate buffers

(Saroff and Mark 1953).

Thus,

the data

represented in Figures 10-12 support the postulate that the exogenous
mineral

ions

interacted

with

albumin

to

yield

insoluble

mineral-albumin complexes.
Figures

10-12

ccmplexing/chelating
albumin,

in

the

illustrate
electrolytes

rice

bran

the

competition

with

the

supernatant.

binders,
The

of

the

presumably

relative

binding

strengths of these agents and their respective reported stability
constants

(25°C,

0.1

ionic

strength)

(Martell and Sillen

Martell and Smith 1982) were as follows:
For Cu(II)—
EDTA/NaOAc > NH^Citrate > Albumin >
18.8

5.9

For Zn(II)Albumin > NaQAc
2.9

1.0

3.7

NaQAc
1.8

1964,
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Figure 10:

Titrating rice bran supernatant (100 Al-2 ml) into 20 ml
electrolyte spiked with 5 ppm Fe(III). Systems:

0.10 g

bran/ml into 0.1 N EDTA/0.8 N NaOAc ( □ ); 0.25 g bran/ml
into 0.1 N NH^Citrate (A ).
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Figure 11:

Titrating rice bran supernatant (100^.1-2ml) into 20 ml
electrolyte spiked with 5 ppm Zn(II).
bran/ml into 0.1 N NaQAc.
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Figure 12:

Titrating rice bran supernatant (100>^l-2ml) into 20 ml
electrolyte spiked with 5 ppn Cu(II). Systems:

0.0125 g

bran/ml into 0.1 N NaQAc ( □ ); 0.25 g bran/ml into 0.1 N
NH^Citrate ( O ); 0.10 g bran/ml into
0.1 N EOTA/0.8 N NaQAc ( A ).
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For Fe(III)—

EDTA/NaOAc > Albumin > NH.Citrate
4
25.0

4.9

The relative binding strengths of these agents agreed with reported
stability constants.
Information discerning whether the soluble protein and the iron,
zinc, and copper content of the supernatants were associated, was
obtained

by

comparing

differential

pulse

polarography

and

ICP

results.

It is well-known that the limiting polarographic current

due to the reduction of a metal ion may be considerably depressed by
the presence of protein (Kolthoff and Lingane 1952).

This is due to

complex formation between the metal ion and the protein leading to a
smaller diffusion coefficient (Tanford 1951).
there

was

no

statistical

difference

In these experiments,
between

the

mineral

concentrations of the rice bran supernatants containing exogenous
iron,

zinc,

or

copper

as

determined

by

differential

pulse

polarography and the concentrations of these minerals as determined
by ICP on HNO^-HCLO^ digests of the supernatants.

This implied that

1) all of the iron, zinc, or copper content of the supernatants was
in a form or forms that could be reduced in the 0 to -1.5 V range,
and 2) the protein (albumin) and the iron, zinc, and copper species
in the supernatants were not associated.
All of the exogenous iron in the rice bran supernatants was
found as Fe(III), regardless of whether the iron was added as Fe(II)
or Fe(III) ions to the bran slurries.

Thus, the Fe(II) ions, that
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were not rendered insoluble (bound), were oxidized to the higher
oxidation state by the rice slurry medium.
THE SOLUBILITY BEHAVIOR OF PHOSPHORUS
Whereas,

the

protein

solubility

curves

obtained

from

the

addition of Fe(II) (Figure 1), Fe(III) (Figure 1), Zn(II) (Figure 4),
or Cu(II)

(Figure 6) ions were similar, the phosphorus solubility

curves differed (Figures 2, 3, 5, 7).

The phosphorus solubility

curve resulting fran the addition of iron as Fe(II) ions followed the
protein,

copper,

awl

zinc

solubility

curves,

suggesting

an

association with these endogenous minerals and proteins (Figures 1,
2).

The phosphorus solubility curves resulting frcm the addition of

Fe(III) and Cu(II) ions (Figures 3, 7) followed the solubility of
phosphorus as a function of pH (Champagne et al 1985a). Adjustment
to pH 7.1, after the addition of Fe(II) and Cu(II) ions, resulted in
phosphorus solubility curves that showed a gradual decrease
phosphorus solubility (Figures 3, 7).

in

There was no indication fran

these phosphorus solubility curves of association of phosphorus with
the endogenous zinc, copper, and protein components. The phosphorus
solubility curve resulting from the addition of Zn(II) ions (Figure
5) showed no relationship to the iron and protein solubility curves
(Figure 4) and did not follow the solubility curve for phosphorus as
a function of pH. This phosphorus solubility curve, however, was
followed by the copper solubility curve obtained fran the addition of
Zn(II) ions (Figure 4).
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CALCIUM, MAGNESIUM, AND POTASSIUM SOLUBILITIES
In general, the calcium, magnesium and potassium solubility
curves followed the phosphorus solubility curves for the addition of
Fe(II), Fe(III), Zn(II), or Cu(II) ions.

However, pH effects also

appeared to be involved. For example, in the case of adding Fe(II)
ions,

the magnesium and calcium solubility curves followed the

phosphorus solubility curve for additions up to approximately 2 mg
Fe(II) ions per gram bran.
per gram bran

For additions of 2 - 10 mg Fe (II) ions

(which gave rice bran slurries with pH values of

6.7-5.4) magnesium and calcium solubilities no longer followed the
solubility of phosphorus.

The magnesium and calcium solubilities

increased and remained constant, respectively.

With the addition of

Fe(II) ions, the solubility of potassium followed that of potassium
as

a

function of pH

(Champagne et al

1985a)

rather than the

solubility of phosphorus.

CONCLUSIONS

The addition of increasing amounts of Fe(II), Fe(III), Zn(II),
or Cu(II) ions as the sulfates to rice bran slurries affected the
solubilities of the endogenous minerals, proteins, and phytates.
Frcm this data and results of SDS gel electrophoresis, pH, and
differential pulse polarography experiments, it is postulated that:
1) The addition of Fe(II), Fe(III), and Cu(II) ions led to the
formation of insoluble iron/copper/zinc/albumin complexes. The
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insoluble complexes which resulted from the addition of Fe(II)
ions also may have had a phytate component— the phosphorus
solubility curve paralleled that of protein, zinc, and copper.
2) Insoluble zinc-albumin complexes formed as the result of the
addition of Zn(II) ions.
3) The albumin and the iron, zinc, and copper species in the
supernatants were not associated.
4) The potassium, magnesium, and calcium species were present
as phytates, the solubilities of which were affected by pH and
not by the addition of mineral ions.
The results of this investigation contribute to an understanding
of the effects of the chemical environment on the interactions of the
minerals, proteins, and phytic acid in rice bran.
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ISOLATION AND IDENTIFICATION OF SOLUBLE MAGNESIUM AND POTASSIUM
PHYTATES IN RICE BRAN
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INTRODUCTION

Most metal-phytate complexes are insoluble at intestinal pH
(approx pH 6.0-7.4).

This insolubility of the metal-phytates is one

of the proposed mechanisms by which phytic acid leads to reduced
mineral bioavailability (Graf 1983).

In an earlier study of the

solubility behaviors of the minerals and phytic acid in rice bran,
it was shown that at pH 7.1 approximately 86%, 88%, and 64% of the
phosphorus, magnesium, and potassium components, respectively, were
insoluble

(Champagne et al 1985a).

The solubility behavior of

magnesium and potassium as a function of pH were shown to follow
that of the phosphorus component (Champagne et al 1985a, 1985b).
These results are consistent with the findings of Ogawa et al (1975)
who reported that over 90% of the components of the isolated
particles of rice (globoids contained in the bran) are phytic acid,
magnesium, and potassium.

Also, observations by Tanaka et al (1976,

1977) using SIM''', EMX^, and EDX^ analyses have led to the generally
accepted conclusion that phytic acid exists mainly as potassium and
magnesium salts in the rice grain.
Only a few examples of soluble metal-phytates have teen cited
in the literature.

In 1976, Morris and Ellis reported the isolation

of monoferric phytate fran wheat bran.
determined the

existence

of

two

Recently, Graf (1983) has

soluble

+2
Ca -phytate

species,

+2
Ca^-phytate and C^-phytate in a model system by Ca -selective

1
2
3
scanning electron microscope, electron microprobe x-ray, energy
dispersive x-ray
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potentiometry.

In the investigations reported here, the soluble

phosphorus, magnesium, and potassium components in rice bran were
examined by gel filtration on Sephadex G-25-50.
of

inositol

polyphosphates

on

Sephadex

established (Steward and Tate 1969, 1971).

The fractionation

has

been

previously

Evidence is presented

supporting the presence of soluble magnesium and potassium phytates
and inorganic magnesium and potassium phosphates in rice bran.

The

compositions of the soluble magnesium and potassium phytate species
were found to be pH-dependent.

MATERIALS AND METHODS

BRAN SAMPLES
Rough rice of the LaBelle variety was obtained from the 1983
crop

of

the

Louisiana

Agricultural

Louisiana.

Experiment

Station

(Rice

Research)

in Crowley,

It was dehulled by a Satake

dehuller.

The bran (0-6%) was collected by milling using a McGill

Rice Miller.

REAGENTS
Sodium phytate (>98% pure) and Sephadex G-25-50 (excludes MW
over 5000) were obtained fran Sigma Chemical Company.

Phosphorus,

magnesium, and potassium standards were prepared using certified
atonic

absorption

reference

Dextran,

a

solutions
commercial

frcm

Fisher

polymer

Scientific

Company.

Blue

Chemicals)

with a molecular weight of 2 million was used for

determining the void volume of the Sephadex column.

(Pharmacia

Fine
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EQUIPMENT
A 26rrm x 40cm column frcm Pharmacia Fine Chemicals was employed
for the gel filtration separations.

A Buchler Fractcmette 200

Automatic Fraction Collector was used to collect fractions frcm the
gel

filtration

column.

Phosphorus,

magnesium,

and

potassium

concentrations were determined by inductively coupled plasma (ICP)
using an Applied Research laboratories Model 34100 ICP Spectrometer.

SAMPLE PREPARATIONS
Five gram samples of rice bran were incubated for one hour in
polyethylene bottles each containing 100 ml of distilled-deionized
water.

pH adjustments were made with 0.18N HCl prior to incubation.

Immediately following incubation these slurries were centrifuged for
30 minutes at 19,600 x g and the supernatants decanted.

These

supernatants were filtered through 0.45 ^ m membrane filters and the
pH values of the filtrates were determined.

COLUMN PREPARATION
Columns were prepared and packed after equilibration with
eluant (distilled-deionized water, 0.1M sodium chloride, or 0.1M
lithium chloride) in accordance with the instructions given in the
booklet "Gel filtration— in theory and practice"
Chemicals, 1975).

(Pharmacia Fine

The void volume of the column was taken to be the

elution volume of Blue Dextran:

60-70 ml.

137

SAMPLE ANALYSES
Each sample was layered on a polyamide net that covered the gel
surface and forty 5-ml fractions were collected.
analyzed directly by

ICP

The fractions were

for total phosphorus,

magnesium,

and

potassium.

RESULTS AND DISCUSSION

SOLUBLE COMPONENTS AT ENDOGENOUS pH:

DISTILLED-DEIONIZED WATER AS

ELUANT
A typical gel filtration chromatogram is shown in Figure 1 for
the separation of the soluble phosphorus, magnesium, and potassium
components in the rice bran slurry at endogenous pH (7.1) using
distilled-deionized water as eluant.

Two peaks were seen;

the

first peak (maximum: fraction 18) and second peak (maximum: fraction
24) positions were found to contain phytic phosphorus and inorganic
phosphate, respectively, when compared to chromatograms of standard
solutions.
determined

Approximately
to

be

phytic

86%

of

the

phosphorus,

soluble
while

13%

phosphorus
was

was

inorganic

phosphate (Table 1).
The maximum of the first magnesium peak and that of the first
potassium peak were found to coincide with the maximum of the phytic
phosphorus peak.

The maximum of the second magnesium peak and that

of the second potassium peak were one fraction later in eluting than
the maximum of the inorganic phosphate.

This trailing of the

magnesium and potassium peaks was seen also in the separation of a
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Figure 1:

Typical gel filtration chromatogram for the

separationof

the soluble phosphorus ( • ),

magnesium ( x

), and

potassium ( o ) components in

rice bran at endogenouspH

(7.1) using water as eluant.

139

PPM METAL ION/FRACTION

20

10

8

6

4

2

20

25

FRACTION NUMBER

30
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solution of K^HPO^, on the Sephadex G-25-50 column.

The maximum of

the potassium peak was one fraction behind that of the phosphorus
peak.
The magnesium and potassium peaks were skewed with diffuse
front edges and sharp back edges, as shown in Figure 1.

The

phosphate peak also was skewed, but the front edge was sharp while
the back edge was diffuse.

Neddermeyer and Rogers (1968) observed

peak profiles for inorganic salts eluted with water from Sephadex
G-10 and G-25 similar to those observed here.

These investigators

attributed the skewing to a Donnan salt-exclusion effect that arises
between the ionic solute and a small number of fixed carboxylate
anions within the Sephadex matrix.

The Donnan salt-exclusion effect

restricts the penetration of ions into the charged matrix.

On the

front side of the peak, the charged sites hindered the diffusion of
the potassium and magnesium ions into the gel, whereas, on the back
side, they enhanced diffusion out of the gel interior.

The Donnan

salt-exclusion effect on the negative phosphate anions was the
opposite.

This Donnan salt-exclusion effect would explain the

maxima of the potassium and magnesium peaks not coinciding with the
phosphate peak maximum.
magnesium

and

Thus, there was strong evidence that the

potassium

components

were

associated

with

the

inorganic phosphate component.
Quantitation of the chromatograms revealed that approximately
two molecules of magnesium and one molecule of potassium were
associated per phytate molecule.

One molecule of potassium and 0.5

molecule of magnesium were associated per molecule of inorganic
phosphate.

Approximately

75%

of

the

soluble

magnesium

was
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associated with
inorganic
potassium,
phytate

the phytate

phosphate

(Table

and
2).

approximately 13% and
and

inorganic

25% was
In

associated with

the

case

of

the

the

soluble

22% were associated with the

phosphate,

respectively

(Table

3).

Approximately 65% of the soluble potassium did not elute in the
first 40

fractions

(200 ml)

collected.

The potassium frcm a

solution of potassium chloride put on the column eluted in 34
fractions

(170 ml)

with

98% recovery.

This

implied that the

potassium which did not elute in the first 40 fractions was probably
in the form of ionic species that were adsorbed by the column bed.
pH EFFECTS
The effects of decreasing the pH of the rice bran slurries on
the composition of the resultant soluble phosphorus, magnesium, and
potassium components were examined.

The results are shewn in Tables

1-4.
The percentage of soluble phosphorus that was phytic phosphorus
increased while the percentage of inorganic phosphate decreased, as
the pH of the rice bran slurries decreased (Table 1).
phosphate eluted earlier at pH 4.5 and pH 2.7.

The inorganic

Its peak maximum was

found in fraction 21 rather than in fraction 24.

The maxima of the

second magnesium and potassium peaks still eluted in fraction 25 at
these lower pH values. Solutions of I^HPO^ adjusted to pH 4.5 and
pH 2.7 behaved similarly on the Sephadex column; the inorganic
phosphate peak maximum was in fraction 21 and the potassium peak
maximum was in fraction 25.

Thus, the magnesium, potassium, and

inorganic phosphate components appear to be only loosely associated
at these lower pH values.
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Table Is

Composition of the soluble phosphorus component in rice
bran as a function of pH

SOLUBLE PHOSPHORUS

pH

% PHYTIC P

% INORGANIC P

7.1

86

13

6.3

89

10

4.5

91

7

2.7

95

3 •
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Table 2:

Composition of the soluble magnesium component in rice bran
as a function of pH.

SOLUBLE MAGNESIUM

% ASSOCIATED
pH

PHYTIC P

% ASSOCIATED
INORGANIC P

% NOT ELUTING

7.1

75

25

0

6.3

62

15

23

4.5

42

49

9

2.7

18

38

45

Table 3:

Composition of the soluble potassium component in rice bran
as a function of pH.

SOLUBLE POTASSIUM

pH

% ASSOCIATED

% ASSOCIATED

PHYTIC P

INORGANIC P

% NOT ELUTING

7.1

13

22

65

6.3

16

11

73

4.5

13

7

80

2.7

0

0

100
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Table 4: The number of molecules of magnesium and potassium
associated per soluble phytate molecule and per inorganic
phosphate molecule as a function of pH.

pH

Mq/PHYTATE

Mq/INORGANIC P

K/PHYTATE

K/INORGANIC P

7.1

2.0

0.5

1.1

1.0

6.3

1.9

0.8

0.8

0.9

4.5

1.4

3.6

0.5

0.6

2.7

0.7

8.8

0.0

0.0
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The percentage of soluble magnesium and potassium associated
with the phytic phosphorus decreased, as the pH of the rice bran
slurries decreased

(Tables 2 and 3) .

Likewise,

the number of

molecules of magnesium and potassium associated per phytate molecule
decreased with decreasing pH (Table 4).

The magnesium:phytate ratio

decreased fran approximately 2:1 to less than 1:1 over the 7.1-2.7
pH range.

While there was approximately one potassium molecule per

phytate molecule at endogenous pH, no potassium molecules were found
to be associated with the soluble phytate at pH 2.7.
SOLUBLE COMPONENTS AT ENDOGENOUS pH:

LITHIUM AND SODIUM CHLORIDE AS

ELUANTS
A typical gel filtration chromatogram is shown in Figure 2 for
the separation of the soluble phosphorus, magnesium, and potassium
components in the rice bran slurry at endogenous pH (7.1), using
either 0.1 M

lithium or sodium chloride as eluant.

The peak

profiles were more nearly symmetrical when these eluants were used
instead of water.

Neddermeyer and Rogers (1968) observed that the

Donnan salt-exclusion effect is eliminated and elution behavior
becomes normal when the eluant has an ionic strength exceeding 0.02.
The maximum of the inorganic phosphate peak was found in
fraction 29, which is five fractions later than the position of this
peak maximum when water was used as eluant.

The ratio of phytic

phosphorus to inorganic phosphate was not affected by the choice of
eluant.

However, using either 0.1 M lithium or sodium chloride as

eluant led to the soluble magnesium and potassium components no
longer

being

component.

associated

with

the

soluble

phytic

phosphorus

The maximum of the soluble magnesium peak co-eluted with
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Figure 2:

Typical gel filtration chromatogram for the separation of
the soluble phosphorus ( • ), magnesium ( x ), and
potassium ( o ) components in rice bran at endogenous pH
(7.1) using either 0.1M lithium or sodium chloride as
eluant.
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that of the inorganic phosphate, while the potassium eluted five
fractions later.

The maximum of the soluble potassium corresponded

to that of a solution of potassium chloride passed through the
column.
It appears that
magnesium

and

potassium

phosphorus molecule.
order

of

the lithium and sodium ions displaced the

stability

+
associations) is Li ,

components

frcm

the

soluble

phytic

The implication of this result is that the
of
+
Na

these

metal-phytate

complexes

(or

+
++
> K , Mg . Ibis is in agreement with

the order of stability of the alkali metal complexes with the
+
+
+
related ligand pyrophosphate, which is Li >Na > K

(Lambert and

Watters 1957).

CONCLUSIONS

Gel filtration on Sephadex G-25-50 followed by ICP analyses of
the

eluting fractions was found to be a suitable method for the

isolation and identification of the soluble magnesium and potassium
phytates found in rice bran.

The isolated soluble magnesium and

potassium phytates had low metal to phytate ratios:
+2
Mg

and

+
IK /phytate

at

endogenous

pH

(7.1).

metal-phytates reported by Morris and Ellis
(1983)

approximately 2
The

soluble

(1976) and by Graf

similarly had low metal to phytate ratios.

Graf

(1983)

raised the question that possibly all metal-phytate ccsrplexes having
a low metal to phytate ratio may be soluble at intestinal pH.

The

nutritional consequence of this is that optimal intestinal uptake of

cations could occur not only at high metal to phytate ratios, but
also at very low metal to phytate ratios.
The

compositions

of

the

soluble

magnesium

and

potassium

phytates species isolated frcm the rice bran were found to be pH
dependent.

The number of molecules of magnesium and potassium

associated per phytate molecule decreased with decreasing pH.

There

has been a lack of agreement about the precise state of existence of
the

soluble

investigators

phytate

salts

believe

that

at

low

pH

the metal

(Cheryan

complexes

1980).
so

Seme

formed are

completely dissociated, while others contend that they exist as
soluble unionized salts (Allred, Kratzer, and Porter 1964, Hill and
Tyler 1954b, Cmosaiye and Cheryan 1979, Smith and Rackis 1957).
results of this

The

investigation support the contention that the

magnesium and potassium phytates in rice bran dissociate at low pH.
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LITHIUM ION ASSOCIATION WITH SODIUM PHYTATE AND THE EFFECTS ON THE
CONFORMATIONAL EQUILIBRIA. IMPLICATIONS IN THE PHYSIOLOGICAL EFFECTS
OF LITHIUM.
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INTRCDUCTICW

The

physiochemica1

behaviors

and

nutritional

roles

of

myo-inositol hexakis-phosphoric acid (phytic acid) are governed by
its stereochemical properties and the strong chelating behavior of
the molecule.

Phytic acid occurs in oilseeds and cereals serving as

a phosphorus store (Halls and Hedges 1966, Asada et al 1969) and in
the blood of sane animals, where its function appears to be that of a
hemoglobin cofactor in the regulation of oxygen transport (Cabrera,
Perez,

and

Barrau

1972,

Benesch

and

Benesch

1969).

Through

ccmplexation, phytic acid has been shewn to play a significant role
in

decreasing mineral

bioavailability

and

in

altering

protein

functionality (Cheryan 1980, Cosgrove 1980, Erdman 1979, O'Dell 1979,
Peddy et al 1982).

By its ability to bind to human deoxyhemoglbbin,

phytic acid has been shewn to be an effective agent for decreasing
the affinity of hemoglobin for oxygen (Benesch and Benesch 1969).
Knowledge of the chemistry of the phytic acid molecule in
aqueous solution is limited.

Only within the last five years have

the conformational states of phytic acid in aqueous solution been
deduced (Isbrandt and Oertel 1980, Qnsley and Niazi 1981).
in the

Changes

31
13
P and
C nuclear magnetic resonance spectra of phytic acid

solutions at different pH values revealed that this molecule exists
in either of two conformations, depending on pH.

Figure 1 depicts

the two conformers: the 5a/le conformer (five phosphate groups are
axially oriented and one is equatorial)

and the inverted 5e/la

conformer.

the

Binding

site

preferences,

phytate

molecular

conformation, and the extent of intra- and intermolecular cation
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Figure 1:

Structure of phytic acid:
depicted in (a) and (b).

5e/la and 5a/le conformations

(q)

<«>
OdQ
OdO
OdO

z-

,OdO

OdO

z-

frST

OdO
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bridging of phosphate groups are expected to be influenced by the
size and polarizability of a metal ion interacting with the phytate
molecule.

To date, however, specific metal-ion binding sites have

not been determined, and little is known about the effects of metal
ions on the molecular conformational equilibria.
Laboratory studies involving phytic acid and lithium chloride
showed considerable chemical interaction between the two, implying
perhaps an important interplay in other systems involving lithium and
phosphate.

The role of lithium ions in the treatment of mood

disorders is unresolved.

Lithium has been shown to affect the uptake

and/or retention of myo-inositol in the rat brain, shifting the
equilibrium between brain and blood

(Allison and Stewart 1971).

These researchers suggest that the effect in the brain could result
from

an

increased

rate

of

myo-inositol

incorporation

in

phosphosinositides, which play a role in synaptic transmission and
ion translocation.

The phytate molecule is a structural analogue of

the phosphoinositides. Therefore, an examination of the interactions
of lithium ions with the phytate molecule warranted investigation.
In the studies reported here,

31
P NMR was used to examine the

solution interactions of lithium ions with sodium phytate.
comparison purposes,

NMR spectra were obtained for sodium phytate

solutions containing potassium ions.
type

and

For

concentration on

The effects of alkali metal ion

the phytate molecular

equilibria were determined from changes in the

conformational

31
P NMR spectra.

Possible explanations for the effects of the added ions on the
orientations of the phosphate groups and on hydrogen bonding in the
phytate

molecule

have

been

proposed

from

calculated

coupling
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constants. Competition of the lithium and potassium ions for phytate
association was assessed.

EXPERIMENTAL

MATERIALS
Phytic acid (myo-inositol hexakis-phosphoric acid) as the sodium
salt was obtained fron Sigma Chemical Company.

Reagent grade lithium

chloride and potassium chloride were used.

SAMPLE PREPARATION
The effect of pH on the conformation of sodium phytate was
observed using 0.0125 M aqueous sodium phytate solutions adjusted to
pH values in the 1.88 to 10.85 range.

To observe the effects of the

addition

ions

of

lithium

and

potassium

on

the

conformational

equilibria of sodium phytate, solutions were prepared that contained
0.0125M sodium phytate and 0.025M-0.1500M alkali metal ion at several
intermediate pH values.

These concentrations corresponded to 2-12

alkali metal ions/phytate molecule.

Possible competition between

potassium and lithium ions for phytate association was examined by
preparing

solutions

containing

0.0125M

sodium

phytate,

0.0500M

lithium ion, and 0.0250M, 0.0500M, or 0.1500M potassium ion.

This

corresponded to solutions having 0:4:1, 2:4:1, 4:4:1, and 12:4:1
potassium ion:lithium ion: phytate molecule ratios.

31
P FOURIER TRANSFORM NUCLEAR MAGNETIC RESONANCE SPECTRA

Spectra

were

Representative

recorded

on

instrument parameters

spectra are given in Table 1.
used as a

a

200

MHz

employed

Bruker

WP

for obtaining

200.
the

Phosphoric acid and deuterium were

31
P reference and as an internal lock, respectively.

RESULTS

EFFECT OF

ON TOE CONFORMATION OF SODIUM PHYTATE

Prior to investigating the effects of lithium and potassium ions
on

the

phytatemolecular

conformation,

the

ring conformational

interconversion accompanying proton dissociation was examined.

31
P

NMR spectra of 0.0125 M aqueous sodium phytate solutions as a
function of pH were recorded and are shewn in Figure 2. The numerical
values of the chemical shifts and assignments of the phosphates at
representative pH values are listed in Table 2.

The assignments of

the spectra at high and low pH with 1:2:2:1 intensity patterns are
those of earlier
1976,

Isbrandt

investigators(Johnson and Tate 1969, Costello et al
and

Oertel 1980)

conformations, respectively.

forthe

5a/le

and

5e/la

Tracking the resonances from those thus

assigned for the high pH (5a/le) to those for the low pH (5e/la)
conformation,
values.

led to the assignments listed for intermediate pH

The spectra at intermediate pH can be interpreted as the

average of the spectra of the two rapidly interconverting chair
forms,

weighted

according torelative populations

(Isbrandt and

Oertel 1980).
Apparent pKa's were obtained from inflection points in the pH vs
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Table 1:

Representative instrument parameters for recording

31
P

NMR spectra of aqueous sodium phytate solutions.

INSTRUMENT PARAMETERS

Resonance Frequency

81.0 MHz

Sweep Width

10 KHz/cm

Proton Decoupling Frequency

3600 Hz

Pulse Width

20

Acquisition Time

0.8 sec

Relaxation Delay

0

Observation Frequency

41MHz

Total # Data Points

16 K

Number Scans

10,000

Window

-10 to 20 ppm

Sample Tube Diameter

10 rrm

*.

sec

Figure 2:

31
P NMR spectra of 0.0125M aqueous sodium phytate
solutions as a function of pH.
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pH

j

j

A

1.88

l

M a__

2.68
4.39
6.08

A

_____________________

j l

A

6.79
7.77
8.45

M
.

_................

9.06

_ J U L

................... J
J

^

9.64

V

9.89

A

10.14

U

10.40

A

10

8

A

10.60

A

10.85

6
4
2
0
if/ppm 85% H3P03

-2

161

Table 2:

31
P NMR data for 0.0125M sodium phytate solutions as a
function of pH.

The 1:2:2:1 intensity patterns are

attributed to the 5a/le conformer at high pH and the 5e/la
conformer at low pH.

pH

X/ppm 85% H^PO-j; Assignment

10.85

5.51, P-2

4.66, P-4/P-6

4.30, P-l/P-3

4.14, P-5

10.60

5.44, P-2

4.68, P-4/P-6

4.29, P-l/P-3

4.10, P-5

10.40

5.38, P-2

4.69, P-4/P-6

4.22, P-l/P-3

4.08, P-5

10.14

4.62, P-2,

P-4/P-6

3.99, P-l/P-3, P-5

9.89

4.46, P-2,

P-4/P-6

3.48, P-l/P-3, P-5

9.64

4.15, P-2,

P-4/P-6

3.14, P-l/P-3, P-5

9.06

3.54, P-2

3.05, P-l/P-3, P-5

2.52, P-4/P-6

8.45

2.99, P-2

2.77, P-5

2.62, P-l/P-3

2.13, P-4/P-6

7.77

3.01, P-2

2.39, P-5

2.15, P-l/P-3

1.94, P-4/P-6

6.79

2.77, P-2

1.76, P-5, P-l/P-3

1.53, P-4/P-6

6.08

2.55, P-2

1.74, P-l/P-3

1.22, P-4/P-6

1.01, P-5

4.39

1.81, P-2

1.31, P-l/P-3

0.79, P-4/P-6

0.31, P-5

2.68

1.67, P-2

1.13, P-l/P-3

0.63, P-4/P-6

0.05, P-5

1.88

1.39, P-2

0.96, P-l/P-3

0.44, P-4/P-6

-0.28, P-5

£

31
P curves (not shown) for the six protons which dissociated at pH

values higher than 2.
values determined.

Table 3 contains a list of the approximate pKa

As pointed out by Isbrandt and Oertel (1980), the

number of inflections for the phosphates on 0 2 and 0 5 support the
contention

that

extensive

proton

sharing

POTASSIUM

IONS

occurs

in

the

5e/la

conformer.

EFFECTS

OF

LITHIUM

AND

ON

THE

CONFORMATIONAL

EQUILIBRIA OF SODIUM PHYTATE
The effects of the addition of lithium or potassium ions on the
conformational
recorded

equilibria of

31
P NMR spectra.

sodium phytate were

assessed

from

The spectra of the solutions containing

potassium ions were identical to those of the 0.0125M solutions of
sodium phytate at the same pH values.

Thus, there was no indication

that potassium ions affected the molecular conformational equilibria.
The

added

equilibria.

lithium

ions,

however,

affected

the

conformational

Figure 3 displays the 31p NMR spectra for 0.0125M sodium

phytate solutions containing 0.0250M - 0.1500M lithium ions.

Frcm

these spectra it can be observed that adding lithium ions increased
the proportion of the lew pH (5e/la) conformer.

31P NMR SPECTRA OF SODIUM PHYTATE WITH ADDED LITHIUM OR POTASSIUM
IONS
A comparison can be made from Figure 4 of spectra of 0.0125M
sodium phytate (pH 10.9) with and without added lithium or potassium
ions.

The numerical values of the chemical shifts after the addition

of increasing amounts of these ions are listed in Table 4.

Slight
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Table 3: Apparent pKa values obtained fran inflection points in the
pH vs

c 31

a

p

NMR curves for the six sodium phytate protons

dissociating at pH values higher than 2.

APPARENT pKa VALUES

CHAMPAGNE ET AL

ISBRANDT AND OERTEL

P-2

5.2, 9.8

5.2, 9.6

P-4/P-6

6.4, 9.8

6.0, 8.6

P-l/P-3

5.2, 10.0

5.0, 9.2

P-5

6.4, 9.8

6.0, 9.4

Figure 3:

31
P NMR spectra for 0.0125M sodium phytate solutions
containing 0.0250M-0.1500M lithium ions at pH 7.77.
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+ 0.1500M Li

+ 0.1000M Li

0.0750M Li+

+ 0.0500M Li+
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+ 0.0250M Li+

+

6

2 - 2

j'/ppn 85% H3P03

0

Figure 4:

Spectra of 0.0125M sodium phytate solutions with and
without added lithium (a) and potassium (b) ions.
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2

+0.0500M K
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6

4

2

+0.2000M K
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Table 4:

31

P NMR data for 0.0125M sodium phytate solutions with

added lithium or potassium ions at alkaline pH.

Concentration Alkali Metal/Phytate

P-2

P-4/P-6

P-l/P-3

P-5

Lithium (M)

0

0

5.50

4.67

4.32

4.14

0.0125

1

5.51

4.68

4.32

4.19

0.0250

2

5.54

4.75

4.38

4.26

0.0375

3

5.54

4.76

4.39

4.26

0.0500

4

5.56

4.80

4.42

0.0750

6

5.57

4.85

4.46

0.1000

8

5.60

4.88

4.49

0.1500

12

5.58

4.90

4.48

0.2000

16

5.56

4.88

4.49

0.0125

1

5.48

4.65

4.33

4.14

0.0250

2

5.47

4.63

4.33

4.20

0.0375

3

5.40

4.53

4.25

4.13

0.0500

4

5.41

4.54

4.23

4.14

0.0750

6

5.37

4.44

4.23

4.14

0.1000

8

5.39

4.44

4.24

4.19

0.1500

12

5.41

4.42

4.24

0.2000

16

5.42

4.39

4.26

Potassium (M)

downfield shifts of all resonances were observed as additions of
lithium ion were made.

The signal for the phosphate on C-5 resonated

at the sane frequency as those on C-l and C-3 with concentrations of
lithium ions greater than 0.0375M (3 lithium ions/phytate molecule) .
This merging pattern of the signals for the phosphates on 0 5 and
0 1 / 0 3 was similar to that seen when the pH of 0.0125M sodium
phytate solutions decreased from 10.85-10.40 (Figure 2), except that
the shifts were downfield rather than upfield.

This data also

suggests an increase in the 5e/la conformer with the addition of
lithium ions.
When increasing amounts of potassium ions were added, a slight
upfield shift for the phosphates on 02, 0 1 / 0 3 , and 0 4 / 0 6 was
observed, the effect being greatest for the phosphates on 04/C-6.
The signal for the phosphates on 0 4 / 0 6 overlapped that for the
phosphate on C-5

(which did not shift) upon adding 0.1500M and

0.2000M potassium ions (12 and 16 potassium ions/phytate molecule,
respectively).
signals

frcm

overlapped.

Furthermore, upon adding 0.2000M potassium ions the
the

phosphates

on

C-4/C-6

and

C-l/C-3

partially

The resulting signal pattern did not resemble those seen

in the conformational transition of the phytate molecule frcm 5a/le
towards 5e/la in the alkaline pH range.
Values for the coupling constant JpQQj for the phosphate groups
as functions of the additions of lithium and potassium ions were
calculated and are listed in Table 5.
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Table 5:

jpqqj

coupling constants for 0.0125M sodium phytate

solutions with added lithium or potassium ions at alkaline
pH.

COUPLING CONSTANTS (Hz)

Concentration

Alkali Metal/Phytate

P-2

P-4/P-6

P-l/P-3

P-5

Lithium (M)

0

0

10.0

9.8

11.2

15.2

0.0125

1

10.8

9.5

10.5

10.3

0.0250

2

9.5

9.4

10.4

9.8

0.0375

3

11.1

8.9

10.7

0.0500

4

8.2

8.9

10.6

0.1500

12

8.2

8.9

10.5

0.0125

1

12.5

9.6

10.6

12.0

0.0250

2

11.4

9.6

10.6

9.5

0.0375

3

10.0

10.1

10.5

9.4

0.0500

4

11.8

10.1

10.6

12.1

0.1500

12

10.8

12.7

Potassium (M)

11.9
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COMPETITION OF POTASSIUM AND LITHIUM ICNS FOR PHYTATE ASSOCIATION
Possible competition between potassium and lithium ions for phytate
association was examined.

Table 6 lists the resulting chemical

shifts of the phosphate groups.

The spectra of the solutions

containing 2 and 4 potassium ions/4 lithium ions/phytate molecule
were

identical to the spectrum of the sodium phytate solution

containing no potassium ions.

There was no change in the chemical

shifts of the phosphate groups.

Calculated coupling constants were

identical to those listed in Table 5 for a 0.0125M sodium phytate
solution containing 0.0500M lithium ions and no potassium ions.
Thus,

there was no evidence of the potassium ions effectively

carpeting with the lithium ions for phytate associations at 2:4:1 and
4:4:1 potassium ion:lithium ion:phytate molecule ratios.
With the addition of 12 potassium ions/4 lithium ions/phytate
molecule,

the resonance signals

shifted upfield.

These upfield

shifts were not as great as those seen in the solutions containing 12
potassium ions/phytate molecule

and no

lithium ions

(Table 4).

Furthermore, the coupling constant for the phosphate group on C-2
i

changed

frcm 8.1 Hz

(as observed

for 0:4:1.

2:4:1.

and

4:4:1

potassium ion:lithium ion:phytate molecule ratios) to 10.5 Hz (as
observed in the absence of lithium ions).

DISCUSSION

In this study

31
P NMR spectra were recorded for 0.0125 M aqueous

sodium phytate solutions as a function of pH, in order to examine the
ring conformational interconversion acccnpanying proton dissociation.

Table 6

31
P NMR data for aqueous solutions containing sodium

phytate + lithium ions + potassium ions.

K+/LI+/PHYTATE

P-2

P-4/P-6

P-l/P-3

P-5

0:4:1

5.54

4.79

4.41

2:4:1

5.55

4.79

4.43

4:4:1

5.53

4.77

4.41

12:4:1

5.45

4.57

4.34
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These spectra were also needed for assessing the effects of added
lithium and potassium ions on the phytate conformational equilibria
at various pH levels by spectral ccmparisons .
(1980), Isbrandt and Oertel reported

In an earlier study

31
P NMR spectra for 0.1M aqueous

sodium phytate solutions as a function of pH.

Their spectra differed

frcm the ones reported here in that the particular spectral patterns
were observed at lower pH values (approx 1 unit). That is, at the
higher concentration (0.1M) of sodium phytate, the conversion frcm
the low pH (5e/la) to the high pH (5a/le) conformation occurred at a
lower pH value than that observed in these studies for a lower
concentration

(0.0125M)

of

sodium

phytate.

Furthermore,

the

approximate pKa values obtained by Isbrandt and Oertel were smaller
than the ones determined here, as shown in Table 3.
At

low

pH

values

where

the

phytate

molecule

protonated, the relaxed 5e/la conformation is preferred.

is

highly

At higher

pH levels, the degree of protonation of the molecule decreases and
additional negative charge is conferred on the phosphate oxygen
aterns.

This charge is best acccmodated by the 5a/le conformation, in

which the phosphate groups can be further apart than in the 5e/la
form (Isbrandt and Oertel 1980).

Interposing sodium counterions

would decrease the charge repulsion between the phosphate groups,
and could relieve the 1,3 syn-axial strain between the oxygen atcms
bonded to the ring in the 5a/le conformation by bridging between
these

oxygen

atcms

(Blank et

al

1975).

Thus,

at

the higher

concentrations (higher ionic strength) of sodium and phytate ions,
the effects of the charges developing on the phosphate groups may be
"felt"

at

lower pH values,

and the 5a/le conformation may be
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preferred.

This would be accompanied by decreased acidity for the

last 3-4 protons and thus, apparent pKa values would be slightly
lower.
There was

no

indication

frcm

31
P

NMR

spectra

that

added

potassium ions affected the molecular conformational equilibria of
0.0125M sodium phytate.

However,

31
P NMR spectra of 0.0125M sodium

phytate solutions containing added lithium ions shewed an increase in
the proportion of the low pH

(5e/la) conformer, as the lithium

concentration increased frcm 0.0250M to 0.1500M. Isbrandt and Oertel
(1980) similarly examined
and

1M

lithium

ions.

a solution containing 0.1M sodium phytate
Frcm

their

spectral

observations,

these

investigators concluded that the added lithium ions increased the
proportion of the high pH (5a/le) conformer.
This disparity of results can be attributed to the difference in
lithium and sodium phytate concentrations.

As discussed above, at

lower phytate concentrations the negative charges developing on the
phosphate groups as the molecule is deprotonated would be experienced
by the molecule to a lesser extent than at higher concentrations.

At

the lower concentration of phytate and lithium ions, the interactions
of the small lithium ions with the phytate molecule could possibly be
more similar to that of the protons than that of the other alkali
ions

with

phytate.

conformation.
ions,

This

would

stabilize

the

relaxed

5e/la

At the higher concentration of phytate and lithium

the lithium ion could exhibit electrostatic-type behavior

(typical

of

accumulation

alkali metal
at

the

ions), and

phosphate

itself

groups.

stabilization of the 5a/le conformation.

This

aid

repulsion

would

lead

by
to
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The orientations of the phosphate groups with the C-H bonds of
the phytate ring were assessed frcm the numerical values of the J— ,™,
JrUUri

coupling constants.

The values for J p ^

cis (10.3 Hz and 11.8 Hz

for equatorial and axial phosphates, respectively) and JpQQj gauche
(5.9-8.8 Hz), reported by Emsley and Niazi, (1981) were used a guide
for assignment.

The numerical values in Table 5 would indicate that

the cis orientation was maintained for the phosphates on 0 2
0 1 / 0 3 with the addition of potassium ions.

and

The phosphates on

0 4 / 0 6 would be gauche with the addition of 0.0125 M and 0.0150 M
potassium ions (1 and 2 potassium ions/phytate molecule).

At the

higher concentrations of potassium ions examined, these phosphate
groups changed to the cis orientation.

The phosphate on 0 5 would be

cis with the addition of 1 potassium ion/phytate molecule, gauche
with the addition of 2 and 3 potassium ions/phytate molecule, and cis
with the further addition of potassium ions.
The phosphates on 0 1 / 0 3 and C-5 maintained the cis orientation
as lithium ions were added while the phosphates on C-4/C-6 maintained
the gauche orientation with the addition of lithium ions.

The

phosphate on C-2 changed to the gauche orientation with the addition
of 2 lithium ions/phytate molecule, reverted to the cis orientation
with the addition of 3 lithium ions/phytate molecule, and then back
to the gauche with the further addition of lithium ions.
Emsley and Niazi (1981) deduced that two protons were on the
phytate molecule at pH 10.5.

Considering the closeness of our pKa

values for Q.0125M sodium phytate to those determined by Bnsley and
Niazi
species

for

phytate

present

in

(tetrabutylanroonium
0.0125M

sodium

counterion),

phytate

was

the

also

phytate
probably

di-protonated.

31

Bnsley and Niazi proposed frcm

P NMR shifts and

coupling constants that this di-protonated phytate species has the
structure shown in Figure 5.

Frcm calculated coupling constants,

they determined that the phosphates on C-2, C-5, and C-l/C-3 were in
the cis orientation, while those on C-4/C-6 were gauche in the
di-protonated species.

They concluded that these orientations of the

phosphate groups are indicative of strong hydrogen bonding between
the phosphates on C-5 and C-4/C-6 (Figure 5).
The coupling constants listed in Table 5 are an indication that
in 0.0125M sodium phytate, the phosphate groups on C-2, C-5, and
C-l/C-3 similarly were in the cis orientation while those on C-4/C-6
were gauche.

Assuming that the sodium counterions did not change the

proton binding sites, the proposed structure of Bnsley and Niazi in
Figure 5 can be assumed to be correct for the 0.0125M sodium phytate
solution species.

If sodium ion bridging (e.g. across phosphates on

C-l/C-3) occured, it did not affect the orientations of C-5 and
C-4/C-6.

Furthermore, the results in Table 5 are an indication that:

1)

the addition of lithium ions either did not disturb the
hydrogen-ion bridge or these ions similarly were bridging
between the phosphates on C-5 and C-4/C-6

and

2) the addition of potassium ions disturbed the hydrogen bonding
between the phosphates on C-5 and C-4/C-6.

As discussed

above, these phosphate groups assumed the cis orientation
with the addition of potassium ions.
The interactions between an alkali metal and an anionic ligand
generally

are

interactions

electrostatic

between

a

ligand

in

nature.

binding

site

The
and

electrostatic
a

cation

are
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Figure 5

Structure of di-protonated phytate species as proposed by
Bnsley and Niazi (1981) to be present in solution at pH
10.5.
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determined by the charge, the polarity, and the polarizability of the
cation.

Overall ligand topology determines the way in which ligand

and cation interact and is expected to contribute strongly to
canplexation

selectivity

(Lehn

1973).

The

lithium ion has

an

exceptionally small radius, 0.60 A, (versus radii of 0.95 A for Na+
and 1.33 A for K+) and a high charge to radius ratio.
in lithium being strongly polarizing.

This results

This polarizing power may lead

to a distortion of the electron clouds of ligands and a chemistry
unlike that of the other alkali metal cations results
1973).

(Williams

Lithium ions are known to form complexes in aqueous media,

which although generally weak, are stronger than those of the other
alkali metals.

Chelation, however, is thought to be a necessary

condition for significant ccmplexation (Cotton and Wilkinson 1980).
This may explain why lithium ions behaved differently from
potassium ions in their interactions with sodium phytate in solution.
The results of this examination for possible competition between
potassium and lithium ions for phytate associations clearly show
selectivity of the phytate molecule for lithium ions.

The size and

polarizing power of the lithium ion versus that of the potassium ion
may be critical in maintaining the hydrogen bridge or forming an
alkali ion bridge between the phosphates on C-5 and C-4/C-6.
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POSSIBLE IMPLICATIONS IN UNDERSTANDING THE PHYSIOLOGICAL EFFECTS OF
LITHIUM

Several

conclusions which

can be

investigations reported here may have

drawn

frcan the

important

31
P NMR

implications

in

lithium ion research:
1) The phytate molecular conformation is pH dependent.
2) The phytate molecular conformation is concentration
dependent.
3) The phytate molecular conformation is influenced by the
lithium ion and is dependent on lithium ion concentration.
4) The phytate molecule shows seme selectivity for lithium
association over sodium and potassium ions.
It

is

feasible

that

lithium ion concentration may

molecular conformational equilibria of myo-inositol

affect the
in a manner

similar to that observed with myo-inositol hexakisphosphate.

This in

turn may affect the rate of incorporation of myo-inositol into
phosphoinositides in vivo and shed light on the function of lithium
in affecting schizophrenia.
observed

here

possibly

The lithium ion-phosphate interactions

provide

insight

into

the

interactions

occurring in other systems containing phosphate and lithium ions.
Several hypotheses for the action of lithium ions in mood disorders
involve the interaction of the lithium ion with ATPase-, ATP-, or
ADP-mediated processes.

SUMMARY

Insight into the mineral, protein, phytate relationship in rice
bran was gained by examining the

solubility behavior of these

ccrnponents as a function of (1) pH and (2) the addition of Fe(II),
Fe(III), Zn(II), and Cu(II) ions.
The

solubility

profiles

of

the

phosphorus

and

nitrogen

ccrnponents as a function of pH did not correspond, except in the pH
1.0-2.0 range.

This is evidence that association between protein and

the

molecule

phytate

only

occurred

in

this

range.

The

protein-phytate relationship in rioe bran was found to resemble that
of cottonseed meal,

and contrast that of rapeseed, peanut,

and

soybean.
Potassium, magnesium, and calcium solubilities as a function of
pH corresponded to those of the phytic acid salts of these minerals.
Soluble magnesium and potassium phytates were isolated on Sephadex
G-25-50 and identified by ICP, confirming their presence in rice
bran.

The isolated soluble magnesium and potassium phytates had low

metal to phytate ratios:
endogenous pH (7.1).

+2

approximately 2 Mg

+

and 1 K /phytate at

The compositions of these soluble metal-phytate

species were found to be pH-dependent. The number of molecules of
magnesium and potassium associated per phytate molecule decreased
with decreasing pH.

At pH 2.7, no potassium ions were found to be

associated with the soluble phytate and the magnesium:phytate ratio
was less than 1:1.
No relationships between the soluble iron, zinc, and copper
species and the phytate molecule were apparent from the pH data.
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However, a possible association of copper and zinc and protein in the
pH 6.8-10.3 and 6.2-10.3 ranges, respectively, was suggested by the
behavior of their solubility curves.
Addition of increasing amounts of Fe(II), Fe(III), Zn(II), or
Cu(II)

ions as the sulfatesto rice bran slurries affected

solubilities of the endogenous

the

minerals, proteins, and phytates.The

data frcsn these solubility studies along with the results of SDS gel
electrophoresis, pH, and differential pulse polarography experiments
provided evidence for:
with

the

albumins

association of iron, zinc, and copper ions
leading

to

the

formation

of

insoluble

mineral-albumin complexes.
31
P NMR was employed to examine the solution interactions of
lithium and potassium ions with

sodium phytate.

The following

conclusions may be drawn frcsn this investigation:
1)

Tiie phytate molecular

conformation was pH dependent.

2)

The phytate molecular

conformation was concentration

dependent.
3)

The conformational equilibria of sodium phytate in aqueous
solution was not affected by the addition of potassium ions,
at the concentrations examined.

4)

The phytate molecular conformation was influenced by the
lithium ion and was dependent on lithium ion concentration.
Evidence supported the 5e/la conformer being preferred for
0.0125M sodium phytate solutions containing 0.0250-0.1500M
lithium ions, while the 5a/le conformer was reported by
Emsley and Niazi (1981) to be preferred at 0.1M phytate and
1M lithium ion concentrations.
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5)

The phytate molecule showed seme selectivity for lithium
ion association over potassium and sodium ions.

Knowledge of the chemistry of the phytic acid molecule in
aqueous solution is limited.

Future studies could be undertaken to

determine specific phytate binding sites for alkali and transition
metal ions, and the effects of these metal ions on the phytate
conformational equilibria.

31
13
P,
C, and alkali ion NMR techniques

would be invaluable for such studies.

The lithium ion-phytate

interactions observed here causes one to raise the question of
whether lithium ions interact similarly with myo-inositol,

thus

affecting its rate of incorporation into phosphoinositides.

The

possibility that the lithium ion - myo-inositol interaction could
have implications in explaining the role of lithium ions in the
treatment of mood disorders, warrants further attention and
7
and Li NMR techniques could be employed.

31
13
P,
C,

Another extension of the investigations using gel filtration-ICP
would be for isolating and identifying soluble metal-phytates in
other

high-phytate

food

sources.

The

discovery

that

soluble

metal-phytate complexes in these food sources have low metal to
phytate ratios at intestinal pH could have important nutritional
consequences.

The possibility exists that optimal intestinal uptake

of metal cations occurs at high and low metal to phytate ratios.
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